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Abstract 
Gardens are little studied particularly in relation to major plant pathogen 
genera such as Phytophthora, or the closely related Pythium. UK gardens 
harbour a wide diversity of plants of worldwide origin, compared to the 
relatively few native in the UK, and are frequently the endpoint of the 
worldwide trade in plants and sometimes, as fellow passengers their 
associated pathogens. 
 
Samples from a plant clinic were surveyed for the presence of Phytophthora 
by three methods. DNA extracted from symptomatic tissue followed by a 
semi-nested PCR (DEN) gave the highest detection rates with approx. 70% of 
tests positive. A commercial immunoassay test kit (PocketDiagnositic™) was 
the fastest; with results in less than 10 min. Apple baiting gave the lowest 
detection rates (9%), but provided cultures vital for further studies. An 
unexpected and novel result was the widespread detection of Pythium 
causing much the same symptoms as Phytophthora. 
  
The phylogenetic trees, created using the elision method, of the Phytophthora 
and Pythium rDNA sequences revealed 46 named or well defined species, 21 
and 25 respectively. The phylogeny of both genera was in general accordance 
with previous publications. Frequently identified species included Ph. 
cryptogea, Ph. cinnamomi, Py. intermedium and Py. sylvaticum, all ubiquitous 
with wide host ranges. Occasional occurrences included Ph. ramorum, Ph. 
tropicalis, Ph. austrocedri and Ph. “niederhauseri”. Twenty putative new 
species were also detected, based on the Phytophthora and Pythium 
phylogenies, 11 and 9 species respectively.  
 
In pathogenicity tests Phytophthora and Pythium caused root rot, and Py. 
intermedium caused Hebe death within 3 days of soil inoculation. Not all 
plants infected with Phytophthora or Pythium died, indicating disease 
development may involve additional interactions. Pythium foliar blight of 
mature woody plants was identified. Koch’s postulates were satisfied, 
indicating new symptoms previously not associated with Pythium infections.
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Chapter 1: Introduction 
 
1.1 The diversity of gardens 
 
In the Oxford dictionary a garden is defined as “a piece of ground adjoining a 
house, used for growing flowers, fruit, or vegetables”. This might define the 
average home garden but many other types exist including; botanical 
gardens, public gardens, community gardens, school gardens and 
hospital/rehabilitation gardens. Allotments can also be considered a garden or 
extension of a garden, mostly for fruit and vegetable production for home 
consumption.  
 
The key element of any garden focuses on the cultivation of plants and their 
enjoyment. A main goal of the Royal Horticultural Society (RHS) is to help 
people share a passion for plants and to encourage interest in gardening, with 
the Campaign for School Gardening exemplifying this having more than 
16,000 participating schools.  
 
The diversity of plants in gardens is vastly higher than that found in UK natural 
environments. With the total vascular flora of the British Isles (c.1,500 taxa) is 
far smaller than the total number of plants in commerce, e.g. Plant Finder 
(over 75,000 plants listed) (Stace, 1997; Cubey, 2013). It might seem that 
gardens would therefore consist entirely, or predominantly, from non-native 
plants but a Sheffield study of flora in home gardens found 33% to be British 
natives while approximately 67% were considered ‘aliens’ (Thompson et al., 
2003). 
 
Even though there is a huge potential diversity of flora, gardens do not 
represent a defined niche, such as a heathland or a marsh. So not all gardens 
can grow all plants, with the conditions dictating which will thrive or barely 
survive. Soil is a major component of a plant’s habitat and the conditions 
found in gardens range from free-draining sandy soils to heavy slow-draining 
clay soils. Gardeners may ‘improve’ soils with conditioners, organic material or 
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composts, but the underlying soil will still be a major influence on their fertility 
and drainage.  
 
Soils, and the micro-organisms within, are an important part of the ecosystem. 
Many fungi have the highly beneficial trait of breaking down cellulose which 
accounts for approximately one third of green plant organic matter (Ingold and 
Hudson, 1993). Not all fungi are saprobes, gaining their nutrition from already 
dead organisms, with many being pathogenic to plants as either biotrophic, 
gaining nutrition from living tissue, or necrotrophic, attacking and killing living 
tissue to feed off the subsequent dead tissue.  
 
Both Phytophthora and Pythium are soil inhabitants, and are to varying 
degrees pathogenic to plants. Their niches and importance are little 
understood other than in association with diseases epidemics (Schumann, 
1991; Jones et al., 2005). More research is being undertaken into their 
detection and role within their native habitats (Vettraino et al., 2011), but the 
current work is to investigate their detection, identification and potential as 
pathogens in gardens. 
  
1.2 The classification of Pythium and Phytophthora 
 
The genus Pythium, established by Pringsheim in 1858, was based on Py. 
monospermum and Py. entophytum, although the latter was moved to the 
genus Lagenidium by Zopf in 1890 (van der Plaats-Niterink, 1981). The genus 
Phytophthora was first described by de Bary in 1876, using Ph. infestans as 
the type species (Erwin and Ribeiro, 1996). However, the species Ph. 
infestans was already described by Montagne as Botrytis infestans in 1845 
(Schumann, 1991).  
 
There have been many changes with the classification of Pythium and 
Phytophthora, with the most significant being their disassociation from the true 
fungi (Kingdom Fungi). Cavalier-Smith (1986) created the kingdom Chromista, 
which encompasses both Pythium and Phytophthora. Although Dick (2001) 
found Cavalier-Smith’s broad concept pragmatic, he created the kingdom 
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Straminipila, using D.J. Patterson’s informal term “stramenopiles”, basing it on 
a more restricted diagnosis. The close relationship between the heterokonts 
and alveolates led to their combination to form the Chromalveolata (syn. 
Hacrobia described by Cavalier-Smith 2010). In 2008, Lévesque et al. 
highlighted the need for a consistent nomenclature and spelling, but all 
kingdoms are in use in 2013, Straminipila (Vélez et al., 2013), Chromista 
(Than et al., 2013) and Chromalveolata (Bertier et al., 2013). Separation from 
true fungi has been based on characteristics such as production of zoospores 
with heterokont flagella and predominantly cellulosic cell walls of hyphae 
(Hardham, 1987; Judelson and Blanco, 2003; Villa et al., 2006). The fore 
mentioned features are shared with certain algae, the brown (Phaeophyta) 
and golden (Chrysophyta) algae, highlighting their true kinship. 
 
The number of Phytophthora and Pythium being described are rapidly 
increasing, particularly plant pathogenic Phytophthora species (Brasier, 2008). 
Few have extensively studied both genera but in the 1960s, Waterhouse 
studied both Pythium and Phytophthora and compiled information on the taxa 
known at that time. Phytophthora was regarded as having around 41 species, 
whilst Pythium totalled 179 taxa, although Waterhouse only accepted 89 
species in Pythium taxa to be valid (Brasier, 2009; Ali-Shtayeh; 1991). 
Currently, 116 species are reported for Phytophthora (Kroon et al., 2012), 
whilst Pythium has 305 described species (Ho et al., 2012).  
 
1.2.1 Morphology based classification 
 
Pythium Pringsheim 
Characteristics of this genus are “swarm spores” which developed outside of 
the sporangium, no internal or external proliferation of the sporangia and one 
oospore in each oogonium (Waterhouse, 1968a). The genus Pythium 
Pringsheim was antedated by Pythium Nees (1823) but the name was 
conserved as Pythium Pringsheim following a proposal by Waterhouse 
(1968b). The genus Artotrogus, described by Montagne in 1845, was found to 
be congenic with Pythium Pringsheim and so Artotrogus Montagne should 
have taken priority, but the Pythium Pringsheim name was conserved 
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following a further conservation proposal by Plaats-Niterink proposal (1981). 
Several genera subsequently described have been shown to be synonymous 
with Pythium Pringsheim, including Cystosiphon Roze & Cornu (1869), 
Nematosporangium Schröter (1897) and Rheosporangium Edson (1915). 
There have been several subgenera described for Pythium, or the 
aforementioned synonymised genera, with separation based on morphological 
characteristics, e.g. Artotrogus Schröter (oogonium wall spiny), Eupythium 
Schröter (oogonium wall smooth), Nematosporangium Fischer (sporangia 
long and filamentous) and Sphaerosporangium Fischer (sporangia short, 
spherical or lemon-shaped). None of these subgenera have been sustained 
and neither Waterhouse (1968) nor van der Plaats-Niterink (1981) published 
defined groupings within Pythium.   
 
Waterhouse studied Pythium in the 1960s and published a list of 179 taxa 
(Waterhouse, 1968) although only accepted 89 species in Pythium taxa to be 
valid (Ali-Shtayeh, 1991). van der Plaats-Niterink studied all cultures in the 
Centraalbureau voor Schimmelcultures (CBS) collection for inclusion in the 
publication of the ‘Monograph of the genus Pythium’. Although 144 Pythium 
taxa are mentioned, van der Plaats-Niterink’s descriptions of recognized 
species only included 80 Pythium species, putting the rest as “doubtful and 
excluded” (van der Plaats-Niterink, 1981). Collecting the currently available 
information of the straminipilous fungi, Dick (2001) listed 133 Pythium sp. and 
var., with an additional 3 considered synonymous. Currently, Pythium has 305 
described species (Ho et al., 2012). 
 
The monograph was the last major work published, attempting to bring 
together and describe all Pythium species solely by morphology (Lévesque 
and de Cock, 2004). While the most comprehensive keys to identification of 
the then known Pythium species was by Dick (1990), which included an 
update of the key by van der Plaats-Niterink to include 21 new taxa described 
since 1981 and 4 omitted. 
 
It was recognized by Dick (1990) that keys have two functions, “the display of 
morphological diversity” and “identification”. As Pythium species have diverse 
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lifecycles and host plants (van der Plaats-Niterink, 1981), correct identification 
is important. Dick (1990) noted that although many keys had been produced 
for Pythium (Matthews, 1931; Middleton, 1943; Waterhouse, 1967; van der 
Plaats-Niterink, 1981), all required an isolate for which the all the stages of the 
lifecycle are known, proving not suitable for ecological or field based studies. 
In addition, Dick (1990) commented that a large proportion of the key by van 
der Plaats-Niterink was based on negative criteria, making it difficult to know if 
this feature was truly absent or merely unobserved. Dick (1990) provided a 
detailed methodology for preparing and describing samples for identification, 
including a key with emphasis on oogonial criteria and a Venn-diagram using 
sporangial and sexual criteria.  
 
In cases where oogonia are not known, five groupings have been designated 
separating out the cultures based on zoosporangial morphology and Dick 
(1990) defined these groups as; 
 
Pythium F-group: zoosporangia strictly filamentous, unbranched or long-
digitate 
Pythium T-group: zoosporangia with lobulate or toruloid inflated elements 
Pythium G-group: zoosporangia spherical or ellipsoid, non-proliferous 
Pythium P-group: zoosporangia spherical or ellipsoid and proliferous 
Pythium HS-group: sporangia not known, hyphal bodies present or absent 
 
Watanabe (1989; 1992) described a further provisional group as; 
  
Pythium H-Zs group: zoospore formation from hypha-like sporangia but 
without sexual organ 
 
Only two publications, both by Watanabe (1989; 1992), appear to reference 
this latter grouping for Pythium, which possibly belongs in the Pythium F-
group. Dick (1990) used these groups to classify Pythium species where 
oogonia were not observed, even after mating with appropriate reference 
cultures. Although Mostowfizadeh-Ghalamfarsa and Banihashemi (2005) use 
them to refer to heterothallic groups without undertaking mating tests.  
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 Identification to species level using morphological characters alone is difficult, 
particularly as many of the Pythium species described are based on a single 
isolate or without type specimens, preventing re-examination for direct 
species to species comparison, so relying solely on the information in the 
original descriptions (Dick, 1990; van der Plaats-Niterink, 1981; Waterhouse, 
1968). Difficulty with identification can occur as prolonged culture can result in 
mycelia which cannot be induced to produce reproductive structures (sexual 
or asexual) but this is not restricted to old cultures as this lack of reproductive 
structures has also been observed with fresh isolates (Dick, 1990). The 
groupings are therefore useful to categorize isolates where oogonia are not 
observed in culture. 
  
Phytophthora de Bary 
The characteristics for the basis of the genus Phytophthora are the branching 
of the sporangiophore, the shedding of sporangia, formation of zoospores 
within the sporangium and germination of sporangium either via zoospores or 
by a germ tube, as exhibited by Ph. infestans (Waterhouse et al., 1983). Thirty 
years after the genus was established, Rosenbaum (1917) provided a key to 
differentiate 11 of the 13 then described Phytophthora species. Rosenbaum 
separated the species on such criteria as sporangial length-breadth ratio, 
chlamydospore (asexual resting structures) presence or absence, oospore 
size and antheridia paragynous (antheridium on the side of the oogonium), 
amphigynous (antheridium through which the oogonial initial grows) or 
unknown. Additional criteria used by Tucker in 1931 for his key included 
cardinal temperatures, the ability to grow on specific media, the host that was 
parasitized and pathogenicity determined by inoculation. These keys 
contained useful diagnostic features for identification but it was not until 1963, 
when Waterhouse split the genus into 6 defined groups, that greater progress 
was made. These 6 groups (I – VI) were based on apical thickening of 
sporangia and width of the exit pore, caducity of sporangia and pedicel length, 
and whether antheridia are amphigynous, paragynous or both. The 
Waterhouse groups were retained in a later tabular key (Newhook et al., 
1978). Although some criteria used by Tucker were not used to form the 
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groups, they are still useful for species diagnosis. For example, high 
maximum temperature is useful for identification of Ph. drechsleri, Ph. capsici 
and Ph. melonis (Waterhouse et al., 1983). 
 
1.2.2 Molecular based classification 
 
Pythium Pringsheim 
Several studies have investigated the Oomycetes, using different DNA 
regions, but including only a few Pythium species (Reithmüller et al., 1999; 
Petersen and Rosendahl, 2000). Matsumoto et al., (1999) undertook one of 
the first studies of the relationships within Pythium, using sequences of the 
ITS region from 30 Pythium species. They found that the phylogenetic trees 
split the species to form two clusters labelled as F and S groups. These 
groups fit with sporangial morphology with the F group being 
filamentous/lobulate and the S group being spherical. This association 
between sporangial morphology and molecular phylogenies was also 
observed by Martin (2000), who looked at the phylogenetic relationship 
among Pythium species using the mitochondrially-encoded cytochrome 
oxidase II gene from 24 species. Martin (2000) found three major groups, 
which reflected zoosporangial or hyphal swelling morphology. It was 
Lévesque and de Cock (2004) that undertook to re-examine all of 96 Pythium 
species known at that time, including an appraisal of sequences available on 
NCBI Genbank that matched Pythium species. Lévesque and de Cock (2004) 
defined 11 major clades based on the phylogeny derived from analysis of the 
ITS region, labelled A – K. Of these 6 matched groups or subgroups identified 
by Martin (2000) based on the cox II gene. Although Martin (2000) and 
Matsumoto (1999) found that there was generally a morphological basis 
behind their groupings, the clades A – K did not have any morphological 
basis. The clade A – K structure has formed a foundation for many 
subsequent studies, although it has been noted by Lévesque and de Cock 
(2004) that Pythium was found not to be monophyletic with clade K laying 
between Pythium sensu stricto and Phytophthora.  
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Phylogenetic studies suggested that Pythium could be split into a number of 
genera. Bala et al. (2010) described Phytopythium, as a new genus, 
designating the newly described Phytopythium sindhum as the type, with 
characteristics shared between Phytophthora and Pythium, which aligns with 
the clade K from the phylogeny by Lévesque and de Cock (2004). The 
remaining species were retained in Pythium sensu stricto. Although early 
phylogenies found Lagenidium giganteum nested within the Pythium clade, so 
any future reanalysis of Pythium will require inclusion of kin genera (Lamour 
and Kamoum, 2009). 
 
Based on the phylogenies of the LSU rDNA D1/D2 region and coxII, Uzuhashi 
et al. (2010) at the same time separated Pythium sensu lato, into five clades 
(Clade 1-5), which he recognized at generic level. Along with Pythium sensu 
stricto (Clade 3), the additional four genera described by Uzuhashi et al. 
(2010) were; Ovatisporangium (Clade 1, with Ovatisporangium helicoides as 
type species), Pilasporangium (Clade 2, with Pilasporangium apinafurcum as 
type species), Globisporangium (Clade 4, with Globisporangium 
paroecandrum as type species) and Elongisporangium (Clade 5, with 
Elongisporangium anandrum as type species). The genera were 
characterized by the morphology of the sporangial structures. Uzuhashi et al. 
(2010) found that their Clade 1 (=clade K), Clade 2 (=subclade J(2)), Clade 3 
(=clades A, B, C and D), Clade 4 (= clades E, F, G, I and J) and Clade 5 
(=clade H) did have a basis for grouping with the ITS region. 
 
The recent discussions about genera and their divisions mirror earlier generic 
segregates based on morphology. It may be found that some of the early 
morphological genera discounted by Waterhouse and van der Plaats-Niterink 
could be re-instated. The divisions surrounding Pythium have not fully settled 
and the genera created by Uzuhashi et al. (2010) and Bala et al. (2010) are 
both currently used in publications.  
 
With Phytopythium Bala et al. (2010) and Ovatisporangium Uzuhashi et al. 
(2010) both being synonymous with Pythium clade K, the respective 
publication dates are important to establish which name has priority. Of the 
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two publication dates, of the aforementioned studies, Uzuhashi et al. was 
printed in the September issue of Mycoscience while Bala et al. was published 
in the June online issue of Persoonia. The website for Persoonia says 
“published papers are immediately distributed to several libraries (for effective 
publication under the International Code of Botanical Nomenclature)”, 
suggesting that the online publication date will effective be publication date, 
thereby meaning Phytopythium has priority. For this study Pythium will be 
used to encompass all of the current genera split from Pythium.  
 
Phytophthora de Bary 
With the development of molecular techniques, phylogenetic analysis of 
protein patterns, isozymes and RFLPs of nuclear and mitochondrial DNA are 
the main methods which have been used to evaluate diversity and resolve 
species and intraspecies groups (Hansen et al., 1986; Mills et al., 1991; 
Oudemans and Coffey, 1991; Förster and Coffey, 1993). Cooke et al. (2000) 
produced the first phylogeny that dealt with Phytophthora and its relationship 
to other Oomycetes. Their analysis used sequence data of the ITS region of 
rDNA and separated the genus Phytophthora into 10 clades and 
demonstrated that the genus formed a natural assemblage (monophyletic). 
Their phylogenetic analysis also demonstrated that the 6 taxonomic groups 
defined by Waterhouse (1963) were not supported by molecular data. 
Interestingly, two clusters were found with the first encompassing clades 1 – 
5, comprising species that largely produce papillate sporangia and have an 
aerial habit, and the second, consisting of clades 6 – 8, containing the species 
with largely non-papillate and occur in the soil. Cooke et al. (2000) also 
showed that Phytophthora clustered close to Peronospora, contrasting with 
proposals at that time placing Phytophthora with Pythium in the Pythiales 
(Dick, 1990).  
 
Phylogenetic analysis of Phytophthora using the mitochondrial genes 
cytochrome oxidase I and II (cox I and cox II) further defined the relationship 
among species (Martin and Tooley, 2003). These authors separated 
Phytophthora into 7 clades and the grouping observed with cox II was in 
general agreement with that of Cooke et al. (2000). The 10 clades created by 
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Cooke et al. (2000) were retained by Kroon et al. (2004) following the first 
multigene-based phylogeny based on 2 nuclear and 3 mitochondrial genes. 
With complete genome sequences available, Blair et al. (2008) undertook a 
multi-locus phylogeny of 7 genomic regions. Their results supported the 
earlier 10 clades and added more species to clades 9 and 10. These studies 
now provide a rigid framework for classification of Phytophthora species and 
their relationship with other genera within the Oomycetes, as summarized by 
Kroon et al. (2012). Additionally, a robust molecular phylogeny can serve to 
validate new Phytophthora species (Kroon et al., 2004). 
 
1.3 Habit and Habitat 
 
Both Phytophthora and Pythium have worldwide distribution and recorded 
from natural and cultivated land (Erwin and Ribeiro, 1996; van der Plaats-
Niterink, 1981). The majority of Phytophthora and Pythium inhabit soils 
although with vastly different modes of nutrition. Phytophthora are 
predominantly considered pathogens of plants, either being biotrophic or 
nectrophic, sometimes a combination of both as seen with Ph. infestans 
(Ingold and Hudson, 1993). In contrast to Phytophthora, Pythium consists 
mostly of species which are saprophytes in soils and aquatic environments 
(Allain-Boulé et al., 2004). The Pythium species that are pathogenic can infect 
plants, animals and fungi, although predominantly associated with damping-
off of seedlings and root rots in plants (Allain-Boulé et al., 2004).  
 
1.3.1 Vegetative stage 
 
Species of Phytophthora and Pythium are soil-borne and thrive under 
conditions of high humidity and running surface water (Zentmyer, 1976; van 
der Plaats-Niterink, 1981). This makes them both suited to garden conditions, 
where artificial irrigation is used to encourage and sustain plant growth.  
 
They are able to reproduce both asexually and sexually, although their 
survival does not always require both, and their dominant life stage is 
mycelium composed of branched filamentous hyphae (Erwin and Ribeiro, 
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1996; van der Plaats-Niterink, 1981). The characteristics of the mycelium 
have contributed to identification of the Phytophthora and Pythium as water 
moulds rather than true fungi. The cell walls contain cellulose instead of chitin 
as the structural polymer and the mycelium is coenocytic and produces septa 
only to separate reproductive structures (Thomas, 1943). Additionally, the 
vegetative state has diploid nuclei, as opposed to fungi that have haploid 
nuclei (Hardham, 2007). Mycelial features can be used to distinguish between 
Pythium and Phytophthora. Biochemical analysis of very young Pythium 
hyphae revealed they are covered by an isotropic pectic compound which 
disappears after 5-7 days exposing the anisotropic cellulose. This has not 
been seen in Phytophthora as the hyphae have the same appearance 
regardless of age (Thomas, 1943).  
 
Pythium hyphal growth is considerably faster than observed with 
Phytophthora and often thinner (Erwin and Ribeiro, 1996; van der Plaats-
Niterink, 1981). With faster growth Pythium is often first to arrive and take 
advantage of new areas, outgrowing other organisms although they are poor 
competitors and quickly suppressed (Lifshitz et al., 1984; Stone et al., 2004). 
This will certainly provide Pythium with the advantage of colonizing new 
growing media placed in the garden, whether as a soil improver or associated 
with a potted plant. 
 
1.3.2 Sexual reproduction and long-term survival 
 
Sexual reproduction is important in the lifecycle of Pythium and Phytophthora, 
as it is a means of propagation, produces long term survival structures and is 
a source of genetic variation (Hau et al., 2003). In Phytophthora, as in most 
oomycete genera, approximately half of the species are heterothallic (Worrall, 
1999). In Pythium, the majority of species are homothallic with heterothallism 
only recorded in seven Pythium species (Dick, 1991). Heterothallism is self-
infertility requiring a partner for sexual reproduction (Anon, 2009). 
Complimentary strains within heterothallic species are referred to as mating 
types, given the arbitrary nomenclature of A1 or A2 for Phytophthora and + or 
– for Pythium (Erwin and Ribeiro, 1996; van der Plaats-Niterink, 1981). It is 
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thought that two hormones are the basis for heterothallism in Phytophthora, 
and the response to and/or the stimulus for their synthesis is controlled by a 
mating type locus (Judelson and Blanco, 2003). The genetics of 
heterothallism in Pythium has had little research, and the single cultures of 
heterothallic species have been seen to occasionally produce oogonia without 
another mating type (Dick, 1991). Dick suggested that with the majority of 
Pythium species being homothallic, that heterothallism is a derived condition. 
 
Homothallic species are considered self-fertile, able to reproduce sexually 
without a partner (Anon, 2009). However, the mating system does not appear 
to be absolute for Phytophthora spp. since some homothallic species are able 
to outbreed, e.g. Ph. sojae (Worrall, 1999), and some Pythium complexes can 
have homothallic and heterothallic strains (Dick, 1991). Also, once stimulated 
by the opposite mating type, heterothallic species can produce both hybrid 
and selfed oospores (Judelson and Blanco, 2003). Phytophthora is able to 
synthesize substances required for sexual reproduction although a stress is 
required as a trigger (Jee and Ko, 1998; Hau et al., 2003). Pythium are not 
able to synthesize sterols, which are required for growth and reproduction, but 
readily take-up and metabolize them from its surroundings (van der Plaats-
Niterink, 1981).  
 
Induction of mating, in Phytophthora, has been found to arrest asexual 
reproduction (Cvitanich and Judelson, 2003). Once mating is initiated, 
antheridia (male) and oogonia (female) are formed, which enable fertilization, 
and the contents of the latter develop into oospores (Cvitanich and Judelson, 
2003). Meiosis occurs in both the antheridia and oogonia, with the subsequent 
haploid nuclei fusing to form a zygote in the oospore (Cvitanich and Judelson, 
2003). The process concludes with the production of cross-walls separating 
hyphae from antheridia and oogonia, resulting in the dormancy of the oospore 
(Cvitanich and Judelson, 2003). Oospores are usually produced only 
singularly within the oogonium although a few Pythium species, such as Py. 
plurisporium, can contain up to six (Abad et al., 1995). Oospores are thick-
walled and durable spores, able to act as resting structures. These resting 
structures are of particular importance for plant pathogenic species, when 
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survival in the absence of a suitable host plant is required. Gardens often 
contain annual or bedding plants, with new plants being put in each year, and 
oospores are an important method for surviving between growing seasons 
especially for homothallic species (Judelson and Blanco, 2003). 
 
When temperatures are favourable for vegetative growth and free water is 
present oospores germinate, either resulting in a sporangium or hyphal tube 
able to directly infect a plant (van de Plaats-Niterink, 1981; Judelson and 
Blanco, 2003). These conditions coincide with those ideal for seed 
germination and seedling growth, a critical time when plants are most 
vulnerable.  
 
Some oospores can remain infectious in soils for 3-4 years, although soil type 
was found to be an influencing factor. In long-term studies in field conditions, 
oospores were found to retain higher infectivity for longer in sandy soils than 
clay soils (Turkensteen et al., 2000). This suggests that the garden soil 
conditions which would be considered favourable for water moulds, e.g. wet or 
poorly drained, may have fewer long term survival structures present and 
those present do not remain infectious for as long, compared to a free-
draining open soil. 
  
1.3.3 Asexual reproduction and dispersal 
 
Asexual reproduction is often the primary mode of reproduction and for 
Phytophthora also provides an important mode of infection (Erwin and Ribeiro, 
1993). In the presence of water and when nutrients are limited, sporangia 
form (Ribeiro, 1983), so irrigated and low nutrient soil would be a prime place 
for their occurrence. 
 
In comparison to Pythium, Phytophthora has less diversity in their sporangial 
shapes. The vastly differing Pythium sporangium morphology roughly form 
three types; filamentous/long-digitate, lobulate/toruloid and spherical/ellipsoid. 
Sporangia have the ability to germinate in two different ways. Firstly by a germ 
tube, developing into a hyphae, emerging directly through the sporangial wall 
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or secondly following a cold shock (usually temperatures below 12oC) leading 
to zoosporogenesis, resulting in 6 or more zoospores within a sporangium 
(Judelson and Blanco, 2003; Walker and van West, 2007). Structures in 
Pythium that do not undergo zoosporogenesis, but rather direct germination 
are often referred to as hyphal swellings, particularly when they are abundant 
and intercalary, although to all intents and purposes they are directly 
comparable to germinating sporangium observed in Phytophthora (van der 
Plaats-Niterink, 1981).  
 
The zoospores are motile and are biflagellate, with one flagellum of the 
whiplash type and the other of the tinsel type (Hardham, 1987; van West, 
2003). Different species release different numbers of zoospores, with variation 
within species observed, which function as the primary unit of dispersal in soil 
or water, causing new infection on roots (Walker and van West, 2007). 
Flagella enable zoospores to swim short distances through water, and it was 
thought that they used chemotaxis to navigate towards roots and their 
exudates in soil (Carlile, 1983). More recent research indicates that electric 
fields have a stronger influence on zoospore navigation and plant exudates 
exert a greater influence on encystment (van West et al., 2002). Zoospores 
exhibit negative geotaxis and this tendency to swim against gravity keeps the 
zoospores near the surface of the soil (Carlile, 1983). Swimming upstream, 
positive rheotaxis, has been found with Ph. capsici zoospores at low current 
velocities. This rheotaxic response is also thought to help keep the zoospores 
near the soil surface, preventing them being drawn down as the water 
percolates through the soil (Carlile, 1983). With their active movement in free 
water, zoospores are of major importance for local spread in gardens. With 
periods of high rainfall or irrigation, along with the close proximity of garden 
plants to one another, there is an increased potential of a zoospore coming 
into contact with a root.  
 
There are Phytophthora species where aerial dispersal of sporangia is an 
important mode of transfer to other parts of the same plant and to different 
plants, e.g. Ph. ramorum (Werres et al., 2001). While presence of moisture is 
essential for the production and development of sporangia, these are highly 
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caducous and easily detached and dispersed by wind or rain splash. 
Phytophthora infestans, which employs this dispersal method, has been 
shown to travel distances of several kilometres (Aylor, 2003). 
 
1.4 The importance of studying Phytophthora and Pythium 
 
Phytophthora diseases have a history of causing major epidemics as seen 
with Ph. infestans, potato blight, which was responsible for the Irish potato 
famine of 1845 – 1852 (Schumann, 1991). This epidemic indirectly resulted in 
approximately 1 million deaths with a further 1 million emigrating from Ireland 
(Ross, 2002). Another major pathogen is Ph. ramorum which in the US, during 
2003/04, resulted in the banning of the movement of plants from infected 
areas, threatening an industry worth $13 billion per annum (Jones et al., 
2005). Up until 2009, in the UK, Ph. ramorum had mostly been impacting on 
nursery plants when it was observed causing extensive dieback of Japanese 
larch, Larix kaempferi (Webber et al., 2010). Plant pathogens are found in the 
agricultural, horticultural and forestry industries and can be difficult to 
eradicate once established. It is the spread of these plant pathogens to the 
wider environments that could cause untold damage to native plants and 
natural ecosystems in the UK, with bilberries, alders, heathlands and more 
recently junipers all under threat of infection by Phytophthora species (Green 
et al., 2012). 
  
Phytophthora kernoviae was first identified and named from the UK but has 
been found to have existed in New Zealand for at least 35 years previous to 
its description, as it was present in the national Phytophthora collection, which 
forms part of the New Zealand culture collection (Ramsfield et al., 2007). This 
demonstrates that the real origin of a plant pathogen is not necessarily the 
place where it was first detected. Finding the origin of a plant pathogen can be 
difficult. Several different assumptions have been put forward for locating the 
origin of an organism, including genetic variation and virulence. Molecular 
studies would expect a low genetic diversity within a single species, found 
associated with a large geographical range, suggesting a rapid spread and 
therefore locations of these isolates are not considered its original location. 
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So, conversely, the original location of a species would be expected to have a 
high genetic diversity within the region. Another suggestion is where co-
evolution has not occurred host susceptibility may be high due to limited 
genetic variation leading to noticeable plant symptoms and disease. In the 
original habitat of the organism, the higher genetic variation observed by the 
plant mean large scale epidemics are less likely, although single plants may 
still show severe symptoms. 
 
An understanding of geographical spread and species diversity of 
Phytophthora and Pythium is often generated through surveys which provide 
a snap-shot of the population at a fixed point in time. The cost and time-
consuming nature of surveys has meant that, prior to the start of the current 
study, most surveys focused on understanding plant pathogenic species in 
relation to commercial crops (Dick and Ali-Shtayeh, 1986; Ferguson and 
Jeffers, 1999; Shafizadeh and Kavanagh, 2005; Zentmyer and Munnecke, 
1952). Since 2006, studies have investigated commercial plants (Pane et al., 
2009; Spies et al., 2011), horticultural nurseries (Moralejo et al., 2009) and 
dieback in natural habitats (Burgess at al., 2009; Czeczuga et al., 2007; Jung 
et al., 2011; Vettraino et al., 2011). Although describing the oomycetes 
present, the main aim of the research has been the protection of the plant 
hosts.  
 
Considering there are over 15 million gardens in the UK, accounting for an 
estimated 270,000 hectares (Anon., 2009a), they are a little-studied 
environment. Gardens are the interface between plants from the horticultural 
trade and those found in the natural environment. Gardens contain both native 
and non-native plants and can house many different plants from vastly 
different habitats, with large gardens such as RHS Wisley garden being home 
to over 23,000 taxa (Anon., 2009b). Many environmental conditions are to be 
found in UK gardens, including those completely open to the natural weather, 
those where plants are outside but protected from cold winter weather, to 
those completely under cover in frost-free conditions such as a glasshouse. 
For the purpose of this study the term ‘garden plants’ will cover plants in all 
growing conditions whether fully exposed to the weather conditions or 
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completely covered throughout the year. Nearly all garden plants are acquired 
from the movement of plant material, often from nurseries and garden centres 
but also through seed, exchange of plants between gardens and even directly 
from the natural environment, be it native or overseas. 
 
Although gardens can act as microhabitats they are not closed systems, 
which mean there are many pathways through gardens that would allow the 
introduction and escape of plant pathogens such as Phytophthora and 
Pythium. Plants themselves are an obvious vector for pathogen movement, 
particularly with large plants where low level infection can be overlooked, but 
also on seeds or cuttings. Many plants are in containers and transported with 
soil, which can be another carrier of plant pathogens to a new area. Plant and 
soil material is often brought into gardens through new acquisitions but can 
equally be moved out with disposal of dead or diseased material as green 
waste for composting. Plant trade is often cited as a major cause of pathogen 
spread internationally (Brasier, 2008b; Jung et al., 2011; Lane et al., 2004). 
Home composting is often inadequate for the destruction of pathogenic 
structures, thus providing a source of propagules within the garden. Not all UK 
gardens have the space or facilities to deal with the amount of plant material 
generated each season and most local councils offer a collection service or 
designated sites where material can be taken off-site, enabling large scale 
processing of the material. Until processed, the moving of potentially infected 
plant and soil material both into and out of a garden could inadvertently allow 
pathogen spread. 
   
Unintentional and unseen movement of pathogens within small amounts of 
soil and plant material can occur when trapped on the soles of footwear, 
treads of tyres or on garden tools, all of which are generally overlooked. Soil 
from boots has been found to harbour Phytophthora and as a result, boot 
washing facilities have been installed in some areas in an attempt to minimise 
this route of spread (Anon., 2013c). People with an interest in gardening, such 
as RHS members, are likely to make regular visits to public gardens. 
Inadvertent movement of soil and plant material on footwear represents a risk, 
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albeit at a low levels with a single visit, but repeated trips increase the 
significance of this route of pathogen movement.  
 
Water movement can rapidly spread propagules of Phytophthora and 
Pythium, potentially resulting in establishment or infection at the point where 
they come to rest. This has been observed with Ph. ramorum, for which 
surveys of rivers have been undertaken to track its movement (Turner et al., 
2007). Run-off water observed during periods of heavy rainfall will enable 
rapid local movement of Phytophthora and Pythium. In UK urban areas this is 
becoming more of a concern with the increasing trend of converting front 
gardens to hard standing areas for parking vehicles, by surfacing with 
concrete or tarmac. This increase in run-off water is, particularly in periods of 
high rainfall, detrimental in itself but creates conditions conducive for spread 
of Phytophthora and Pythium.  
 
Many important pathogenic Phytophthora species can be aerially dispersed. 
For instance, the caducous sporangia of Ph. infestans can be dispersed over 
several kilometres (Brown and Hovmoller, 2002; Aylor, 2003), and in recent 
years gardeners have been blamed in the media for the increasing spread of 
potato blight (Gray, 2012). Rainwater traps are a useful means for the 
monitoring of Phytophthora, particularly Ph. ramorum, which has been found 
in rain water and fog, (Lockley et al., 2007, Peterson et al., 2012). Aerial 
dispersal is a particularly important route in and out of a garden as it is 
practically impossible to control. Insects, birds and mammals may also 
facilitate the movement of diseases within and between gardens, and other 
habitats, and constitutes another vector that is difficult to limit. 
 
Phytophthora species live in a wide range of terrestrial habitats and have a 
global distribution (Dick and Ali-Shtayeh, 1986; Balci and Halmschlager, 
2003b). Some are major pathogens of ornamental plants and are frequently 
found in nurseries (Ferguson and Jeffers, 1999; Moralejo et al., 2009). They 
are also a threat to the natural environment (McDougall et al., 2002). While 
research on Phytophthora has centred on its occurrence in commercial or 
natural situations, gardens represent an area where these two environments 
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are brought together. Garden plants are generally commercially produced en 
masse in nurseries and as such may be a source of new pathogens. Equally, 
their close proximity to the surrounding countryside provides an uncontrolled 
pathway for disease spread.  
 
1.5 Methods of isolation and Detection 
 
The number of species being detected and described has been rapidly 
increasing in recent years but many more, as yet unknown, species are 
thought to exist (Brasier, 2008). Detection and confirmation of Phytophthora 
species within plants is of major importance, especially when dealing with 
plant movement for commercial purposes. Moralejo et al. (2009) detected 
alien Phytophthora species in ornamental plants in Spanish nurseries, 
highlighting the importance of disease monitoring particularly for notifiable 
pathogens. The methods of detection used vary greatly in terms of cost and 
speed but also in the facilities and skill required to carry them out. So a 
particular method may be considered more or less useful according to the 
specifics of the situation. 
 
1.5.1 Isolation methods 
 
1.5.1.1 Isolation by selective culture plating 
 
Direct plating has been a standard method for isolation of Pythium and 
Phytophthora species. This technique can be used for all sample types, e.g. 
roots, stems, leaves and soil (Erwin and Ribeiro, 1996; van der Plaats-
Niterink, 1981). Direct isolation allows positive confirmation of presence of 
Pythium spp. and Phytophthora spp. and cultures can be used for 
morphological identification. Failure to obtain Pythium or Phytophthora in 
culture can be caused by many factors, including being overgrown by bacteria 
or fungi (Brook and Beard, 2002). As Pythium has a faster hyphal growth than 
Phytophthora, for research studying Phytophthora, Pythium is often regarded 
as a contaminant. Use of additives, such as antibiotics and fungicides, to the 
isolation media can reduce bacteria and fungi with limited, if any, effect on 
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Pythium and Phytophthora species (Erwin and Ribeiro, 1996; van der Plaats-
Niterink, 1981). The fungicide hymexazol (Tachigaren) at levels of 25-50 
µg/ml, has been shown to suppress many Pythium species, whilst allowing 
most Phytophthora species to grow, although some are too sensitive to 
hymexazol to allow isolation using this method (Masago et al., 1977). P10ARP 
media (Kannwischer and Mitchell, 1978), based on cornmeal agar, includes 
the antibiotics ampicillin and rifampicin which have activity against bacteria 
and the antibiotic pimaricin which has activity against most true fungi (but not 
Oomycetes). However, when concentrations of pimaricin were reduced from 
10 µg/ml (P10ARP) to 5 µg/ml (P5ARP), isolation of Ph. cactorum was 
improved (Papavizas et al., 1981; Jeffers and Martin, 1986). The media 
P10ARP and P5ARP have become laboratory standards for isolation of 
Phytophthora spp. (Erwin and Ribeiro, 1996). A combination of media 
amendment and serial dilution, when direct plating of soils, can help to reduce 
contaminants (Tsao, 1983). Growth inhibitory substances found in plants can 
explain poor isolation rates and extensive sample washing can result in better 
detection (Huberli et al., 2000). Isolation is also dependent on which 
structures are present within the sample. To obtain germination of resting 
spores and ensure removal of excessive polyphenols, regular flooding and 
washing of plant material for several days prior to plating has proved 
successful (Jung and Blaschke, 2004; Jung, 2009). Maturity of oospores has 
been known to affect germination. For instance, Shaw (1967) observed no 
germination of oospores of Ph. cactorum after 4 days but 67% germination 
with oospores 25 days old. Direct isolation of Phytophthora species is still 
employed and benefits from the use of amended media developed for the 
purpose. Experience with Phytophthora and knowledge of the host plant (if 
present) will help reduce failure of isolation.  
 
1.5.1.2 Isolation by baiting 
 
It has only been since the 1960s that selective chemicals have been used to 
isolate Pythium and Phytophthora species, prior to this date methods for 
isolation were limited to baiting or plating on plain medium (Erwin and Ribeiro, 
1996; van der Plaats-Niterink, 1981). Baiting is a useful technique that 
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employs bait, or trap, into which the Phytophthora or Pythium grows. The bait 
usually consists of plant material from a host known to be susceptible to the 
Phytophthora or Pythium, for which isolation is being attempted. This 
technique is particularly useful for plant pathogenic species. A wide range of 
material and tissue type has been used including apples, tomatoes, hemp-
seed, lupin seedlings, pine needles and rhododendron leaves (Erwin and 
Ribeiro, 1996; van der Plaats-Niterink, 1981).  
 
Baiting is most usefully employed for soil samples, although all infected 
material can be used (Erwin and Ribeiro, 1996). Samples are flooded to 
encourage production of zoospores, before either the bait (typically live plant 
material or seeds) is added to the flooded water or the sample is inserted into 
the bait (Erwin and Ribeiro, 1996). Once symptoms appear on the bait, the 
leading edge of the lesion is plated onto selective media. The baiting 
eliminates or reduces competitive fungi present in the sample but this 
selectiveness is both beneficial and also restrictive. Reduction of non-target 
pathogens or saprophytes improves the success rate for isolation of 
Phytophthora species, but has mixed results with Pythium. However, no single 
bait is optimally effective for isolation of all Pythium and Phytophthora species 
(Erwin and Ribeiro, 1996; Balci, 2013; van der Plaats-Niterink, 1981). Even 
with zoospores present, infection of the bait does not always occur and this 
can be a limiting factor (Wilson et al., 2000). It has been shown that the host 
species from which the bait is derived can influence the efficiency of detection 
(Marks and Kassaby, 1974). It has therefore been proposed that the use of 
baits is most effective when known species are to be detected and then 
suitable bait material can be selected (Eye et al., 1978; Larkin et al., 1995).  
 
Baits have been successfully employed for surveys of water (Taylor, 1977; 
Pottorff and Panter, 1997) and soils (Balcì and Halmschlager, 2003; Swiecki 
et al., 2005; Williams et al., 2009), which can be particularly important for 
monitoring the spread of quarantine pathogens, such as Ph. ramorum, before 
symptomatic plants are seen (Anon, 2006). 
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1.5.2 Molecular detection methods 
 
1.5.2.1 Immunodetection 
 
Polyclonal antisera have been used for the detection and identification of plant 
viruses but until the advent of monoclonal antibodies (MAbs) serological 
methods had not been widely used for plant pathogenic fungi (Torrance, 
1995). Antibody-based technology has advanced, enabling rapid detection of 
Phytophthora and Pythium in plant tissues (Harrison et al., 1990), in soil 
(Miller et al., 1992, 1997) and in water samples (Ali-Shtayeh et al., 1991; 
Cahill and Hardham, 1994; Pettitt et al., 2002). Commercially available tests 
use either enzyme-linked immunosorbent assay (ELISA), membrane trapping 
assay (lateral flow device, LFD), or a dip stick format. Although knowledge of 
Pythium or Phytophthora spp. is not required for molecular techniques, basic 
plant pathology methods are required for careful sampling (Drenth et al., 
2006). The ELISA method requires experience and specialized laboratory 
equipment (Erwin and Ribeiro, 1996). Generic Phytophthora and Pythium 
antigen-based commercial ELISA tests can be used on infected plants to 
provide a quick genus level diagnosis (McDonald et al., 1990; Ali-Shatayeh et 
al., 1991). Commercial Phytophthora specific immunoassay kits have shown 
cross reactivity with certain species of Pythium and Peronospora (Pscheidt et 
al., 1992). Comparison of immunodetection methods for diagnostic purposes 
has been a feature of many studies (McDonald et al., 1990; Pettitt et al., 2002) 
and has generally shown that they are comparable to culturing and PCR 
methods (O’Brien et al., 2009). 
 
1.5.2.2 PCR detection methods 
 
DNA methods are increasingly being employed for detection of fungi in planta 
(García-Pedrajas et al., 1999; Jasalavich et al., 2000). General methodology 
involves total DNA extraction from either soil or plant samples followed by the 
use of species-specific PCR primers. Advances and rapid development of this 
technology are often in response to the requirement for them, such as with 
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important pathogens like Ph. fragariae (Bonants et al., 1997; Bonants et al., 
2004), Ph. sojae (Wang et al., 2006) and Ph. ramorum (Kox et al., 2007).  
 
Various DNA regions have been employed for detection of Phytophthora spp. 
including ITS (Grote et al., 2002; Ippolita et al., 2002), cox (Martin et al., 2004; 
Causin et al., 2005), SCAR (Causin et al., 2005; Ioos et al., 2006) ParA1 
(Lacourt and Duncan, 1997) and Ypt1 (Schena et al., 2008). The ideal regions 
exhibit a high copy number and sequences with specificity to at least genus, 
and preferably species level (Duncan and Cooke, 2002). Ribosomal DNA has 
been widely employed for PCR diagnostics due to its presence within all cells 
and its arrangement in identical tandem repeats, sometimes up to hundreds in 
number (Duncan and Cooke, 2002).  
 
Conventional PCR can detect between 25 – 25000 fg of DNA (Coelho et al., 
1997; Ippolito et al., 2002; Causin et al., 2005; Ioos et al., 2006). Nested PCR 
is also used for detection and consists of two PCR rounds, with an example 
being the first round containing genus-specific primers and the second round 
performed with species-specific primers (Duncan and Cooke, 2002; Scibetta 
et al., 2012). Application of nested PCR has improved detection by over 1000 
fold, enabling detection of between 1 – 25 fg of DNA (Ippolito et al., 2002; 
Grote et al., 2005; Zhang et al., 2006). The use of dilute sample and primers 
for an initial PCR followed by conventional (booster) PCR (Ruano et al., 1989) 
has been shown to be a sensitive detection method (Wang et al., 2003). 
Another technique for improving detection is touchdown PCR which begins 
with a high annealing temperature which is gradually decreased over 
successive cycles. This method can improve specificity and also product yield. 
However, touchdown PCR has not been recorded as a diagnostic method for 
oomycetes (Schena et al., 2008), but has for clinical samples for the detection 
bacteria or yeasts (Yamamoto, 2002; Angelov et al., 2007) 
 
Real-time PCR is a development enabling continual monitoring of the PCR 
product usually optically, removing the need for running a gel (O’Brien et al., 
2009). Removing the gel aspect enables primers to be designed for detection 
of smaller fragment sizes resulting in shorter cycling times (O’Brien et al., 
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2009). Real-time PCR has been shown to detect between 10 – 25000 fg of 
DNA (Ippolito et al., 2004; Hughes et al., 2006; Bilodeau et al., 2007) and 
nested real-time PCR as little as 0.1 – 15 fg of DNA (Bonants et al., 2004; 
Hayden et al., 2006).  
 
The major benefit of using PCR based methods for detection is that results 
can be obtained relatively quickly and with little experience of the specific 
pathogen involved. The efficacy of detecting Phytophthora using PCR has 
been shown to be comparable to traditional culturing methods and is suited for 
situations requiring rapid diagnosis of a specific Phytophthora species 
(O’Brien et al., 2009). PCR methods are conducted in a laboratory setting, 
although real-time PCR machines have been developed for on-site use 
(Tomlinson et al., 2005). However, initially the equipment and consumables 
required can be costly. The use of DNA based methods also allows detection 
of all stages in the Phytophthora lifecycle. However, a positive PCR result 
does not indicate the presence of a viable pathogen and may detect dead 
mycelium (O’Brien et al., 2009). Inhibitory chemicals found in plants and soils 
can produce false negative results, so additional steps should be included to 
help reduce the presence of these compounds and in some instances internal 
controls may be useful although difficult for soil samples (O’Brien et al., 2009). 
 
Overall the benefits of fast, consistent results have made molecular detection 
techniques an attractive approach for the diagnostician. A major benefit is the 
reduction in processing time, with results being obtained within days or even 
hours rather than weeks. This fast production of results makes these options 
of particular use for diagnosis and confirmation of important pathogens 
(Duncan and Cooke, 2002).  
 
1.6 Aims and objectives 
 
Although there has been much research of Phytophthora and Pythium, there 
is a renewed interest particularly due to the rapid developments in molecular 
research methods, the increase in new species, wider awareness of disease 
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epidemics and concerns surrounding pathogen movement through plant 
trade.  
 
The Royal Horticultural Society (RHS) provides free advice to all garden 
related enquiries, for RHS members, and part of this service includes 
diagnoses of any pathogen which might be causing a disease. Before this 
study was undertaken, the routine method for the confirmation of 
Phytophthora presence was by using an apple as bait into which a 
Phytophthora species might grow. This method was integrated into the routine 
procedure for diagnosing pathogens on samples received. 
 
The first aim of the thesis was to setup and run alternative detection methods 
which could fit into the routine protocol of a working diagnostic laboratory. 
Once in place, a direct comparison between the different methods could be 
made and the hypothesis tested that molecular methods would have higher 
detection levels and would be a better alternative for future diagnostic use 
(Chapter 3). 
 
The second aim was to identify the species being recovered, thereby 
surveying symptomatic plants in UK gardens. The hypothesis being tested 
was that baiting methods apply selection pressure which limits detection and 
identification of oomycetes. Although the traditional apple baiting used by the 
RHS was selected for the detection of Phytophthora, it became clear that the 
additional tests setup were also detecting Pythium. All detection methods 
were able to result in sequences which could be compared between different 
detection methods and enabled identification to genus, and majority of 
instances species, level. Separate molecular phylogenies for Phytophthora 
and Pythium were undertaken enabling the diversity of them in UK gardens to 
be studied for the first time. This will help identify the common species present 
and the risk posed by gardens with the importation of pathogens (Chapters 4 
and 6).  
 
The third aim was to investigate the role of the Phytophthora and Pythium 
species detected. Sampling has only been from symptomatic plant tissue or 
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associated rhizosphere soil but to confirm their involvement in causing the 
symptoms, pathogenicity trials are required. It is well known that Phytophthora 
will attack mature plants, but the detection of Pythium has called into question 
its potential as a pathogen of mature plants. With the diversity of habits and 
habitats that Pythium encompasses, their involvement in diseases is less than 
clear. This study aims, through infection assays in control conditions, to test 
the hypothesis that Phytophthora and Pythium can cause the severity of 
symptoms observed on samples received to the diagnostic services (Chapters 
5, 7 and 8).  
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Chapter 2: General Methods 
 
2 Methods 
 
2.1 Sampling method 
 
The Royal Horticultural Society (RHS) advisory service is sent plant and soil 
material by its members’ looking for guidance on plant health problems. Staff 
at RHS gardens also send plant and soil material for diagnosis. Testing is 
performed on the basis of sample type received and the symptoms observed.  
 
Plant samples with lesions and/or small samples (e.g. fine roots) darkly-
stained were tested for the presence of Phytophthora. In ideal situations, 
samples were taken from the root, stem base and also soil from the 
surrounding rhizosphere. For aerial infections stem and leaf samples from the 
leading edge of lesions were tested. 
 
Since January 2006, the samples have been processed using three methods 
for detection of Phytophthora. The detection methods are; baiting, using either 
apples (AB) or hemp seed (HB); DNA directly extracted from plant material or 
rhizosphere soil, followed by nested PCR (DEN); commercially available 
immunoassay kits (LFD). Pre-January 2006, detection of Phytophthora from 
symptomatic samples was by baiting samples in apple. 
  
Where only a limited sample was available, apple baiting, DNA testing of 
putatively infected material and then immunoassay was the order of priority for 
testing. 
 
The term environmental sample will be used to describe material tested 
through the DEN or LFD methods, and refers to where we have an 
identification of Phytophthora or Pythium present without an associated 
culture. 
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2.2 Preparation of reagents, buffers and media 
 
Carrot agar (CA) plates, cornmeal agar (CMA) plates, P5ARP (P5) plates and 
oatmeal agar slopes (OAS) storage media were prepared as described in 
Waller et al. (2001). TE buffer was prepared as described by Sambrook et al. 
(1982). 
 
2.3 Apple baiting technique 
 
Firm, green apples (Granny Smith) were used for baiting leaf, stem, root and 
soil samples. Samples were re-hydrated in tap water overnight then surface 
sterilised apples (IMS) were prepared according to the sample material used, 
either soil or plant material.  
 
Soil samples were placed in 3 holes around the apple equator made using a 
10 mm cork borer to a depth of approximately 5 mm and sealed with tape to 
prevent dehydration. Plant samples were placed beneath a flap cut parallel to 
the core and all cut edges were sealed using tape to secure and prevent 
dehydration. After inoculation apple baits were kept in the dark at 20°C. 
Visible rotting was seen after approximately 4-6 weeks, at which time the 
apples were cut open and sampled.  
 
Apples containing soil samples were laterally bisected, whilst baits containing 
plant samples were cut parallel to the flap. Under sterile conditions, six 
sections (approximately 2 mm x 2 mm x 4 mm) were removed from the 
leading edge of the rot for each apple. Three sections were transferred to a 
Petri dish (45 mm) containing fresh, autoclaved pond water (floats) that had 
been passed through filter discs (150 mm diameter, Whatman Grade 4, 
Qualitative circles). Green algae within pond water are known to produce 
chemicals that induce sporangial production in Phytophthora (Leonian, 1936). 
Three sections from each were transferred to P5 plates. Both pond water 
floats and P5 plates were placed in the dark at 20°C. After overnight 
incubation, the pond water dish was examined under a compound microscope 
at 100x magnification, and scored for the presence or absence of sporangia. 
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Confirmation of the presence of Phytophthora spp. was possible based on the 
sporangia size and shape and zoospore release. Phytophthora generally 
produce large, roughly oval sporangia, with zoospores developing within the 
sporangium and being released singularly leaving a rigid empty sporangial 
case. In contrast Pythium generally produce small sporangia of various 
shapes, with zoospore development in a sack outside the sporangium, which 
is left collapsed. 
  
Single-isolate cultures were obtained by excising individual hyphal tips from 
P5 plates corresponding to the floats where sporangia of Phytophthora spp. 
were observed. Single isolate cultures were then sub-cultured onto carrot agar 
(CA), before long term storage on oatmeal agar slopes (OAS) covered with 
paraffin oil. OAS cultures were kept in the dark at 10°C.  
 
2.4 Hemp seed baiting method 
 
Baiting of Pythium spp. from symptomatic samples used isolation protocol 3 
outlined by van de Plaats-Niterink (1981) but adapted and modified to run 
alongside the current Phytophthora apple baiting test. The selective medium 
was changed to the one used for Phytophthora isolation, P5 (with antibiotics 
ampicillin, rifampicin and pimaricin) rather than a medium containing penicillin 
and streptomycin. No methodology was given for sterilising the hemp seed, so 
they were autoclaved at 121oC for 30 minutes, to ensure no contamination 
before use. Whilst the root and stem samples were being re-hydrated during 
the apple baiting protocol, 5-6 hemp seeds were added to the water and 
incubated overnight. Hemp seeds were removed using sterile tweezers and 
blotted on sterilised filter paper (90 mm diameter, Whatman Grade 2, 
Quantitative circles). Four hemp seeds were then placed on a P5 plate and 
incubated in the dark at 20oC. Single isolate cultures were obtained by 
excising individual hyphal tips from the media and subcultured and stored as 
with the apple bait-derived cultures. 
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2.5 Immunoassay technique (PocketDiagnostic™) 
 
PocketDiagnostic™ immunoassay lateral flow devices (LFDs) for 
Phytophthora detection were used. The LFD kits were, at the time, designed 
for use on aerial plant samples. Leaf or stem tissue was excised from the 
leading edge of lesions under sterile conditions and then extraction and 
testing was performed as per the product instructions. A positive result was 
indicated by the presence of two blue lines, one at the position marked ‘T’ (for 
test) and the other at position marked ‘C’ (for control). Tests were repeated 
using more plant material where no band was seen for ‘C’. Also tests were 
scored negative if no band developed at ‘T’ within 10 minutes. 
 
2.6 Preparation of mycelium cultures from baiting for DNA extraction 
 
Isolates obtained were grown on CA at 20°C, in the dark. Four 5 mm cores 
from the leading edge were placed onto a CA or P5 plate previously overlaid 
with a sterile cellophane disc and incubated at 20°C in the dark. After 10-21 
days, mycelium was harvested from the surface of the cellophane using a 
sterilised spatula, then wrapped in foil before freezing and storing at -80°C 
prior to DNA extraction. 
 
2.7 DNA extraction from mycelium and plant samples 
 
Samples were removed from -80°C storage and placed in a Dewar containing 
liquid nitrogen, N(l). Samples were ground in N(l) using individual, acid 
washed and sterile pestles and mortars then transferred to 1.5 ml 
microcentrifuge tubes. DNA was then extracted using a DNeasy Plant Minikit 
(Qiagen) following the manufacturer’s instructions. All optional steps of the 
protocol were carried out and eluted in a final volume of 100 µl. PCR inhibitory 
compounds were removed from the DNA extract by passing through 
polyvinylpolypyrrolidone, PVPP (crosslinked PVP). PVPP was added to a 
minispin column (Micro Bio-Spin Chromatography column, Bio Rad) placed in 
a 1.5 ml microcentrifuge tube and then 600 µl SDW was added. The column 
was left to stand for 6 min and then centrifuged at 6000 rpm for 6 min. The 
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column was placed in a clean 1.5 ml microcentrifuge tube, the DNA extract 
added and then centrifuged at 6000 rpm for 4 min. The column was discarded 
and the DNA stored at -20°C.  
 
2.8 DNA extraction from soil samples 
 
Soil samples were air dried, sieved (1.0 mm stainless steel sieve, Endecotts 
Ltd, London) and then stored at 5°C in a 50 ml capped tube.  Thirty ml of 
crude extraction buffer was added to the soil and then shaken to form a slurry.   
 
One ml of slurry was transferred to a 2 ml screw cap vial containing 0.1 g of 
sterile glass beads. The solution was beaten at 5000 oscillations/minute on a 
bead beater (Mini-Beadbeater™, Biospec Products, Bartlesville) for 1 min. 
The sample was centrifuged at 6000 rpm for 5 min then, in a fume hood, 750 
µl was transferred to a 1.5 ml microcentrifuge tube containing 750 µl of 
chloroform. Following mixing by inversion for 1 min, the sample was 
centrifuged at 14000 rpm for 5 min.  The upper layer was transferred to a 
microcentrifuge tube containing 750 µl of isopropanol, and then incubated at 
room temperature for 60 min. Following incubation, the DNA was centrifuged 
at 14000 rpm for 5 min, the isopropanol was removed and then re-spun for a 
further 2 min. The remaining isopropanol was removed before being either 
dried at 65°C for 2 minutes or airdried at room temperature for 30 min. The 
pellet was resuspended in 100 µl of TE buffer.  To remove PCR inhibitory 
compounds, the DNA extract was passed through PVPP, as described above 
(DNA extraction from plant material). The cleaned DNA was stored at -20°C. 
 
2.9 Semi-nested PCR 
 
All -20°C stored DNA samples from plants, soils and mycelia were processed 
using the same nested PCR conditions. All PCR reactions used a total volume 
of 25 µl and puReTaq Ready-To-Go PCR Beads (Amersham Biosciences) in 
0.5 ml tubes. Primer working stocks were at a concentration of 10 ng/ml.  The 
first round PCR used 3 µl of DNA sample, 1 µl of ITS4 primer 
(TCCTCCGCTTATTGATATGC) (White et al., 1990), 1 µl of DC6 primer 
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(GAGGGACTTTGGGGTAATCA) (Bonants et al., 1997), and 20 µl of 
nuclease free water (Sigma) (PCR H2O). PCRs were setup on a pre-chilled 
rack before placing in a PCR machine (Techne) using the cycle described by 
Bonants et al. (1997). 
 
 1 cycle of 
94°C for 2 min 
35 cycles of 
94°C for 1 min 
62°C for 1 min 
72°C for 2 min 
1 cycle of  
72°C for 10 min 
 
The second round used 1 µl of the first round product, 1 µl of ITS4 primer, 1 µl 
of ITS6 primer (GAAGGTGAAGTCGTAACAAGG) (Cooke et al., 2000) and 22 
µl of PCR H2O, to make a total reaction volume of 25 µl. PCRs were again 
setup on a pre-chilled rack before placing in the PCR machine (Techne) using 
the cycles described by Cooke et al. (2000).  
 
1 cycle of 
95°C for 2 min 
30 cycles of 
95°C or 20 sec 
55°C for 25 sec 
72°C for 50 sec 
Final cycle of 
72°C for 10 min 
 
Then 3 µl of PCR product were visualised on a 1% (w/v) agarose gel 
containing 3 µl of ethidium bromide (10 µg/ml), run at 90V, 400mA for 30 min. 
Positive (Phytophthora mycelium extraction) and negative (PCR H2O) controls 
were run through the PCR reaction and electrophoresed, along with 6 µl of a 
100 bp ladder (Promega). The presence of a ~900 bp band from the second 
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round PCR indicated a positive result confirming the presence of an organism 
belonging to the orders Peronosporales or Pythiales.  
 
2.10 Sequencing and Alignments 
 
All positive samples were sequenced by The Genome Analysis Centre 
(TGAC, Norwich, UK) or Qiagen Ltd. The remaining 22 µl product of the 2nd 
round PCR, was run on a 1.8% (w/v) agarose gel supplemented with ethidium 
bromide (50 ng). Samples were run at 90 volts, 400mA for 3 hr, then 
examined on a UV transilluminator, the ~900 bp band (or bands) were excised 
and placed in a clean 2 ml microcentrifuge tube. The DNA was cleaned using 
QIAquick Gel Extraction Kits (Qiagen Ltd), with no changes to the 
manufacturer’s protocol, then eluted into a final volume of 30 µl. Samples 
were sequenced in both directions using primers ITS4 and ITS6 at either 
TGAC or Qiagen Ltd. Chromatograms were assessed before contigs were 
constructed from the ABI files and aligned using Lasergene software 
(Versions 5, 7 or 8).  
 
2.11 Species identification 
 
Phytophthora and Pythium species were identified by the comparison of 
recovered ITS DNA sequences to an online database (Genbank, NCBI), using 
the Basic Local Alignment Search Tool (BLAST). Where clear results were not 
discernible, sequences were placed into an alignment using published 
reference sequences, using megalign (Lasergene). Where sequence quality 
was poor resulting in ambiguity, the results were recorded as unassigned 
Phytophthora or Pythium species. Detailed identification was made following 
phylogenetic analysis using the elision method, described in Chapters 4 and 
6.  
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Chapter 3: Comparison of baiting, immunoassay and nested 
PCR methods for detecting Phytophthora in ornamental 
plants 
 
3.1 Introduction 
 
Phytophthora species are economically important pathogens and they are 
found in both agricultural and natural environments (Balci and Halmschlager, 
2003; Erwin and Ribeiro, 1993). Detection of the quarantine pathogens 
Phytophthora ramorum and Ph. kernoviae in nurseries, woodlands, heaths 
and established gardens highlights the need for accurate, fast diagnosis for 
the presence of Phytophthora species. Improved molecular methods and 
increased attention on the genus Phytophthora explains why as many species 
have been described since 2000 as during the years 1875 – 2000 combined 
(Brasier, 2008). 
 
Traditional detection methods are baiting, culture plating or a combination of 
both (Pettitt et al., 2002). The Royal Horticultural Society (RHS) like other 
groups (Eden et al., 2000) uses baiting, followed by culturing as the standard 
protocol for confirmation of a Phytophthora root rot. This takes several weeks 
and can be labour intensive (MacDonald et al., 1990; Timmer et al., 1993; 
Pettitt et al., 2002). It also requires experience and skill for culturing and 
identification to prevent contamination or errors (Atkins and Clark, 2004) and 
obtaining species identification can be protracted.  
 
Detection using molecular techniques based on the polymerase chain reaction 
(PCR) has been developed for Phytophthora (Bonants et al., 1997; Schena et 
al., 2008). The advantage of sensitivity, speed and high sample throughput 
has led to PCR being used extensively for plant pathogen detection (Tsai, 
2006). Nested PCR has higher sensitivity and better specificity than 
conventional PCR and is therefore used as a detection method in many 
studies (Tsai, 2006). Many primers have been designed for identification of 
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individual Phytophthora species (Bonants et al., 1997) or use with pure 
Phytophthora cultures (Cooke et al., 2000).  
 
Many DNA regions have been employed for detection of Phytophthora spp. 
including ITS (Grote et al., 2002: Ippolita et al., 2002), cox (Martin et al., 2004: 
Causin et al., 2005), SCAR (Ioos et al., 2005: Causin et al., 2005) ParA1 
(Lacourt and Duncan, 1997) and Ypt1 (Schena et al., 2008). The ITS region 
was chosen for the current study due to its established success for detection 
of all species in culture and use for detection of selected Phytophthora 
species in planta (Bonants et al., 1997; Cooke et al., 2000). 
 
Commercial tests based on immunoassay techniques are available to both 
commercial growers and amateurs (such as PocketDiagnostic®, from Forsite 
Diagnostic, often referred to as lateral flow device or LFD). These kits have 
the benefit of providing fast onsite results and are simple to interpret with one 
line indicating a negative result and 2 lines indicating a positive result. Kits can 
be comparatively costly but benefit from ease of use and that no experience is 
required for diagnosis. There have been many studies comparing 
immunoassay techniques with other detection methods for the detection of 
Phytophthora in commercial crops and situations (Pettitt et al., 2002; 
MacDonald et al., 1990; Timmer et al., 1993).  
 
Recent DEFRA investment in detection and control of the quarantine 
pathogens Ph. ramorum and Ph. kernoviae has raised public awareness of 
Phytophthora as a plant pathogen and interest among amateur gardeners 
about the impact of Phytophthora species in gardens. This study compares 
baiting, immunoassay and semi-nested PCR for their efficacy in detecting 
Phytophthora species in ornamental plants from UK gardens. 
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 3.2 Methods 
 
The methods used were sampling, baiting, immunoassay and semi-nested 
PCR and described in General Methods, Chapter 2. 
 
3.3 Results 
 
The comparison of detection techniques was run between January 2006 and 
December 2009. During this period a total of 1270 plants were tested. A 
maximum of three samples were tested for each plant, selected from stems, 
roots and soil. Of the 1270 plants processed, 2309 apple baiting tests, 2198 
direct DNA extraction followed by nested PCR and 118 immunoassay tests 
were undertaken. Each protocol, apple baiting (AB), direct extraction followed 
by nested PCR (DEN) and immunoassay (LFD), being compared had a 
differing number of steps, 10, 11 & 5, respectively. The baiting method, using 
apples, was concluded following observation of the floats in filtered pond 
water after 24 hours (Methods 2.3). At this stage, results were scored on the 
basis of presence or absence of sporangia characteristic for Phytophthora. 
During the four year assessment period, cultures were collected from the 
apple baits and identified using sequences from the ITS region (see Methods 
2.7–2.11). The nested PCR protocol, used following the direct extraction 
technique, was designed to be specific to members of the Peronosporales 
and Pythiales producing a ~900bp amplicon. Stems, roots and soil from a 
symptomatic plant which produced a ~900bp amplicon were considered 
positive. Sequencing of the ~900bp amplicon verified the identity of the 
organism detected. The immunoassay test was a commercially available kit, 
providing a simple one line negative and two lines positive result. The 
immunoassay tests could be put through the semi-nested PCR protocol as the 
first step of the immunoassay kit involved a basic extraction of DNA from the 
plant tissue, and the resulting ~900bp amplicon sequenced for identification 
(see Methods). 
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All test plants processed were selected by a plant pathologist on the basis of 
symptoms present being consistent with a Phytophthora infection. Therefore, 
all samples were putatively positive for the presence of Phytophthora. If taking 
the presence of sporangia (for AB), presence of a ~900bp amplicon (for DEN) 
and presence of 2 bands (for LFD) as a positive result, Figure 3.1 suggests 
that either not all samples were positive or that each of the tests was fallible.  
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Figure 3.1: Percent of those put forward for testing which gave a positive 
Phytophthora test result during 2006 to 2009, for three detection techniques 
(AB, DEN and LFD) by sample type (stem, root and soil)[ND = none done]. 
 
As illustrated by Figure 3.1, AB produced approximately 10% positive results, 
with the highest recovery in the order soil>stem>root. By contrast DEN had 
the greatest positive results through roots (approximately 80%), followed by 
the stems and lowest percent recovery from the soil samples. The LFD 
resulted in approx. 50% positive tests for stem samples only, as roots and soil 
were not tested with this method. Overall DEN and LFD techniques provided a 
significantly higher level of positive results than apple baiting over the four 
year period of testing.  
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 Although very little difference was observed with AB between sample types, 
the DEN method has a higher efficacy from plant samples than from soil 
samples (Figure 3.1). Diagnosis from plant samples was more reliable than 
those derived from soil as they gave a direct relationship between causal 
organism and symptoms, rather that indicating an incidental presence of a 
pathogen. 
 
Where availability of material was limited incoming samples were not 
subjected to all the detection methods. It was possible to directly compare 841 
samples using the techniques of AB and DEN, see Table 3.1. However fewer 
could be directly compared for LFD as only stem samples were tested with 
this method. 
 
 Number of test results for each category 
Sample type DEN negative DEN negative DEN positive DEN positive 
 AB negative AB positive AB positive AB negative 
Stem (n=291) 71 4 25 191 
Root (n=998) 225 9 70 694 
Soil (n=841) 293 32 55 461 
AB = apple baiting; DEN = direct extraction followed by semi-nested PCR 
Table 3.1: Results comparing apple baiting and direct extraction of DNA from 
symptomatic plant tissue, or associated soil, followed by semi-nested PCR 
tests (2006 to 2009), with samples that were put through both diagnostic tests, 
using detection of sporangia and ~900bp amplicon as the positive indicator.  
 
Table 3.1 shows that tests were negative for both AB and DEN at a rate of 
24% for stem, 23% for root and 35% for soil. Whereas, positive detection 
using AB and DEN was much lower at 10% for stem, 8% for root and 8% for 
soil. Where tests results were in disagreement DEN was positive and AB 
negative was a common outcome, producing 66% for stem, 70% for root and 
55% for soil. Whereas, there were fewer test results that were positive for AB 
and negative for DEN, with 1% for stems, 1% for roots and 4% for soil.  
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Only stem samples were tested using the immunoassay protocol. Table 3.2 
records the 95 samples were directly comparable through LFD and AB and 
Table 3.3, shows 99 samples were directly comparable through LFD and 
DEN. 
 
 LFD Results  
AB Results Positive Negative Total 
Positive 11 0 11 
Negative 35 49 84 
Total 46 49 95 
LFD = commercial immunoassay test; AB = apple baiting test 
Table 3.2: Directly comparable stem sample results processed through the 
techniques of LFD and AB during 2006-2009. 
 
All the stem samples tested by both LFD and AB were in agreement on 63% 
occasions (11/95 for positive agreement, 49/95 for negative agreement). No 
samples were positive for AB testing and negative for LFD testing, whereas, 
37% of samples (35/95) were positive through LFD testing and negative 
through AB testing. 
 
 LFD Results  
DEN Results Positive Negative Total 
Positive 44 38 82 
Negative 6 11 17 
Total 50 49 99 
LFD = commercial immunoassay test; DEN = direct DNA extraction followed by semi-nested 
PCR 
Table 3.3: Directly comparable stem sample results processed through the 
techniques of LFD and DEN during 2006-2009.  
 
From Table 3.3, stem samples tested via LFD and DEN were in agreement on 
55% occasions (44/99 for positive agreement, 11/99 for negative agreement). 
Six percent of stem samples (6/99) were positive through LFD testing but 
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negative through DEN tests, whereas 38% of samples (38/99) were positive 
through DEN testing but negative through LFD testing.  
 
The results presented in Tables 3.1, 3.2 and 3.3 use different units for 
confirmation of Phytophthora associated with symptomatic plants, whether it is 
production of sporangium following apple baiting, a ~900bp amplicon 
produced from a nested PCR of total DNA extraction or two bands produced 
from a commercial immunoassay kit.  
 
Minimizing false positive results is essential for a reliable test. Potentially each 
method could produce false positive results, perhaps due to another organism 
being detected which may be indistinguishable from a true positive result. 
Pythium species are most likely to result in false positives due to the similarity 
in symptoms they cause and their close relatedness to Phytophthora, but 
other Oomycota, such as Saprolegnia and Aphanomyces might also be 
involved. 
 
In order to make all three techniques directly comparable, DNA extraction 
followed by nested PCR and sequencing of the subsequent ~900bp amplicon 
was carried out on baited cultures and the LFD extraction buffer. The 
sequence identification for all the tests allowed the results to be categorised 
into those which have a Phytophthora sequence (Phytophthora), those with 
only a Pythium species present (Pythium) or negative (no sporangium, no 
~900bp amplicon or just a single line present) results.  
 
Based on these results, each technique appears to give false positive results 
when detecting Phytophthora, some of which can be attributed to the 
presence of Pythium species. Although the technique of AB produced false 
positives, AB stem samples were the one combination where this was not the 
case, detecting only Phytophthora species. Table 3.4 allows the direct 
comparison of cases where Phytophthora was identified through both AB and 
DEN for each sample, demonstrating agreement for stem (8%), root (5%) and 
soil (4%) was much lower than expected. 
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a) Stem Samples Direct extraction nested PCR sequences  
Apple bait mycelium 
sequences 
Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 18 1 4 23 
Pythium spp. 0 0 0 0 
Negative 91 44 72 207 
Total 109 45 76 230 
 
b) Root Samples Direct extraction nested PCR sequences  
Apple bait mycelium 
sequences 
Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 39 10 6 55 
Pythium spp. 5 5 2 12 
Negative 234 298 223 755 
Total 278 313 231 822 
 
c) Soil Samples Direct extraction nested PCR sequences  
Apple bait mycelium 
sequences 
Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 26 8 28 62 
Pythium spp. 4 1 1 6 
Negative 139 207 286 632 
Total 169 216 315 700 
Table 3.4 a, b & c: Directly comparable results following sequencing of AB 
and DEN by sample type; a) Stem, b) Root and c) Soil. 
 
The AB and DEN methods agreed 39%, 32% and 45% for stem, root and soil 
respectively. This includes their agreement for false positive results where 
only Pythium was identified through both methods, 0%, 0.6% and 0.1% for 
stem, root and soil respectively.  
 
Again, the only appropriate sample type for LFD testing was that of stem and 
Table 3.5 and 3.6 below show the results of those that were directly 
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comparable to either AB (Table 3.5) or DEN (Table 3.6). From Table 3.5, the 
immunoassay and apple baiting agreed in the detection of Phytophthora 
species on 5% of occasions, with overall agreement on 51 samples (2 positive 
for Phytophthora/positive for Phytophthora and 49 negative/negative). No 
samples were positive for AB testing and negative for LFD testing, whereas 
the AB missed Phytophthora on 6 occasions that the LFD test was positive. 
 
Stem Samples Immunoassay buffer nested PCR sequences  
Apple bait mycelium 
sequences 
Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 2 0 0 2 
Pythium spp. 0 0 0 0 
Negative 6 3 49 58 
Total 8 3 49 60 
Table 3.5: Directly comparable sequencing results from the LFD kits with 
those of AB from stem samples during 2006 to 2009. 
 
Stem Samples Immunoassay buffer nested PCR sequences  
Direct extraction 
nested PCR 
sequences 
Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 11 0 18 29 
Pythium spp. 0 2 8 10 
Negative 0 0 11 11 
Total 11 2 37 50 
Table 3.6: Directly comparable sequencing results from the LFD kits with 
those of DEN from stem samples during 2006 to 2009. 
 
Table 3.6 shows agreement between LFD and DEN for 22% of samples for 
the presence of Phytophthora species. There was an overall 48% agreement 
between the two tests (11 both Phytophthora positive, 2 both Pythium positive 
and 11 both negative). Sequencing showed that DEN was positive for 
Phytophthora for all those positive for Phytophthora using LFD. Whereas the 
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LFD failed to detect Phytophthora on 18 occasions that the DEN method 
resulted in a Phytophthora sequence. 
 
3.4 Discussion 
 
DEN and LFD detection techniques, when compared to AB were found to 
yield a higher proportion of results for all sample types (Figure 3.1). Published 
studies, for Ph. ramorum, comparing molecular detection methods with 
traditional baiting have shown similar results (Ioos et al., 2006; Bilodeau et al., 
2007).  
 
New detection methods are often evaluated on the basis of significant 
difference from established methods. Each technique tested in this study has 
potential for false negative and false positive results at each step of their 
protocol. Statistical analysis can indicate whether there is a significant 
difference between tests but cannot explain the scientific basis of the 
differences. The data was run through several statistical tests but each was 
found unsuitable. For example applying the chi squared test on comparable 
tests, according to McDonald et al. (1990), where “observed” uses the DEN 
results (~900bp amplicon) and “expected” uses AB results (sporangia 
present), they were significantly different (χ2=1659.803, 1d.f), rejecting the null 
hypothesis that apple baiting and direct extraction will produce the same 
results from the same samples. Figure 3.1 clearly demonstrates the potential 
for this significant difference but the technical error rates (false negatives and 
false positives) for each test are not factored in. Lane et al. (2007) uses a 
similar analysis, using the terms sensitivity for when both tests agree and 
specificity for when the tests disagree. This statistical test relies on one of the 
detection methods producing an absolute positive value. Tables 3.4, 3.5 and 
3.6 shows that none of the techniques compared was detecting all cases of 
Phytophthora and through all three detection methods Pythium species were 
found. This highlights that the initial criteria for positive results (sporangia 
present, ~900bp amplicon or 2 lines present) should not be considered a final 
stopping point of any of the methods tested, if the result required is whether a 
Phytophthora species is present.  
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 There are many factors that can lead to false negative results via baiting 
methods. Baiting applies a selection pressure on the recovery of Phytophthora 
from samples and some Phytophthora species are known to be difficult to 
culture through apple baiting, e.g. Ph. fragariae and Ph. rubi. Additionally, the 
technique relies not only on the presence of Phytophthora but also on its 
viability and whether it is actively growing. By way of contrast the DEN and 
LFD techniques might both detect dormant or recently dead mycelium. 
Competition in growth may also be a factor whilst using AB, which will give 
prevalence to certain Phytophthora species; those with faster growth rates, 
such as Ph. cinnamomi will out-compete slower growing species, e.g. Ph. 
syringae. This is especially pertinent with soil samples tests. Additionally, 
inappropriate sampling, either from the plant or as material to use for AB, can 
select non-ideal samples reducing the likelihood of a successful result. 
 
Nested PCR has a high sensitivity to small amounts of DNA and the ITS 
region, used as a basis for nested PCR in many studies, also increases 
sensitivity due to its high copy number. It has been developed successfully for 
the detection of specific Phytophthora species in planta (Bonants et al., 1997). 
The nested PCR primers used in this study were developed for detection of all 
Phytophthora spp. (Cooke et al., 2000) but have been shown to detect other 
genera within the orders Peronosporales and Pythiales. These orders include 
downy mildew fungi, also major plant pathogens, but the symptoms exhibited 
can be clearly distinguished from those of Phytophthora species. Pythium 
species, by contrast, are recorded as both pathogens (of plants, animals and 
fungi) and saprophytes and are also known to cause the same symptoms on 
plants as Phytophthora species (Agrios, 2005). The consequences are that 
positive results through nested PCR from stem and root samples may indicate 
the presence of Phytophthora or Pythium. Soil samples yielding positive 
results could be Phytophthora species, pathogenic Pythium species or 
saprophytic Pythium species. Sequencing of the ~900 bp amplicon resulting 
from the nested PCR has revealed that the samples are predominantly 
infected with Phytophthora. During the study period of January 2006 to 
December 2009, approximately 70%, 50% and 45% were found to be 
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Phytophthora species from the stem, roots and soil respectively. Using the 
DEN method, occasionally both Phytophthora and Pythium were being 
detected on the sample of stem, root and soil, this occurred approximately 
4%, 4% and 7% respectively. Unfortunately, cross contamination can also be 
a problem not only when sampling but also when initiating semi-nested PCR. 
 
Negative results also pose a problem as negatives through molecular 
techniques could be due to degradation of the Phytophthora DNA, the DNA 
not being recovered during the extraction procedure or inhibitory chemicals 
present which halt or interfere with amplification. Whilst negative results 
through the apple baiting could occur if the Phytophthora species is dead, the 
selectivity of apples inhibiting growth of the putative Phytophthora species or 
that there are contaminants e.g. out competing bacteria. But all the samples 
put forward for both DEN and AB had symptoms consistent with a 
Phytophthora disease. Pre-selection by a plant pathologist increases 
likelihood that they could all produce a positive result. If this were the case, 
then a chi square test analysing the detection method, in this case DEN 
against the number of enquiries put forward for testing (as a proportion of the 
total number of enquiries), would accept the null hypothesis. The result of this 
test was χ2 = 29.753, with 1 d.f. which suggests the results are highly 
significantly different (χ2 =867.510, with 1 d.f. when AB was compared with a 
plant pathologist’s visual assessment).  
 
McDonald (1990) found that, even when working with one Phytophthora 
species (Ph. cryptogea) on a single host, there was a difference in observed 
detection rates. McDonald’s study highlighted that only 74% of the positive 
results agreed between the two tests (97 out of 131 tests). The highest 
disparity was found to be that between the combination of root samples and 
low inoculum levels, where serological tests detected 21 positive samples 
which were negative through plating. The results of this study agree with 
McDonald’s findings, as the DEN technique identified more positive results 
which were missed through AB based on comparable root sample tests.  
 
 Page 76 
One approach which was not attempted here was the use of spiked samples, 
i.e. soil or plant material to which pathogen mycelium has been deliberately 
added before going through the extraction procedure. Potentially this should 
provide a fixed reference for positive controls, but the procedure is not without 
its own difficulties and would need its own series of evaluation trials which 
was considered to be outside the scope of the current work. 
 
In addition to investigating the benefits of using molecular techniques for 
detection, this study also examined the detection in planta of a wide range of 
Phytophthora species from a large, previously un-trialled host range. One 
previous study, looking at the comparison of a serological test against culture 
plating for the detection of Phytophthora, Pythium and Rhizoctonia in 
ornamental plants, only included 20 host genera (McDonald et al., 1990). By 
comparison, this study used samples which came through the RHS Advisory 
Service during 2006 to 2009 and included over 200 host genera (Appendix A, 
Table A.1). This is the largest host range studied for the presence of 
Oomycetes in association with ailing plants.  Detection of Oomycetes using 
the methodology described here demonstrates benefits of the DEN technique 
within a diagnostic clinic and has validated its use for a wide host range. 
Additionally, since the DEN protocol was used on all the isolates retrieved 
through apple baiting, this study confirms the efficacy of this method when 
used to identify Phytophthora species in pure culture. All cultures were found 
to produce a ~900bp amplicon following the nested PCR on the DNA 
extracted from the mycelium, giving credence to the in planta results. 
 
 
Comparison of the techniques indicates there is an increased detection rate 
with both DEN and LFD tests over conventional AB. Although, the exact 
improvement proves hard to define statistically as all tests can produce false 
negative results. The practical benefits of molecular tests in a laboratory 
setting are increased detection and reduced processing time, although 
increased consumable costs may be incurred but this may be balanced by 
fewer personnel (O’Brien, 2009). This study also validates the use of nested 
PCR to detect a larger range of Phytophthora species from a wide range of 
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plant hosts in planta, e.g. the species Ph. quercina, Ph. rubi and Ph. alni were 
only identified through DEN. Due to the specificity towards Oomycetes DEN 
has proved to be a useful tool for detection of unknown Phytophthora species 
in planta during this study. That the test also detects other Oomycetes has 
increased the potential of this test and highlighted further areas for study.  
 Page 78 
Chapter 4: Survey of Phytophthora species in UK gardens 
 
4.1 Introduction 
 
Many of the surveys conducted into Oomycete diversity have largely studied 
terrestrial habitats, ranging from natural forested and grassland sites to 
swamps and agricultural soils, revealing worldwide distribution in nearly all soil 
types and soil habitats (Balci and Halmschlager, 2003a: Dick and Ali-Shtayeh, 
1986: van der Plaats-Niterink, 1975). Research into Phytophthora species and 
their hosts is predominately centred on important crops (Shafizadeh and 
Kavanagh, 2005), commercial settings (Moralejo et al., 2008) and those 
species threatening the natural environment (McDougall et al., 2002; Jung et 
al., 2011).  
 
Considering there are over 15 million gardens in the UK, accounting for an 
estimated 270,000 hectares (Anon, 2009b), this is an environment that has 
received comparatively little research. Wisley Garden, the RHS flagship 
garden based in Surrey, is home to over 23,000 taxa of different kinds of 
garden plants (Anon, 2009c). Gardens represent an important pathway from 
cultivated land to natural ecosystems, with more than 60% of the invasive 
plants in the UK being garden escapes with many invasive species still 
available for sale (Anon, 2009d). Plant movement is generally easier to 
monitor than disease spread, and although new diseases are regularly being 
detected in the UK (Lane et al., 2004; Henricot et al., 2009), identifying 
whether they are an introduction can be difficult. Phytophthora infestans A2 
mating type is an example of a pathogen entering the UK (Jones, 2007) which 
has become the predominant mating type, with its prevalence being almost 
80% by 2009 (Abel, 2009). 
  
Gardens are microhabitats and include plants derived from wild habitats 
worldwide. Microhabitats have been shown to be comparable with natural 
ecosystems (Michel and Winter, 2009). Non-European flora planted in UK 
gardens could become infected with UK native or established Phytophthora 
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species. Studying microhabitats, such as gardens, could lead to an 
understanding of the interactions between pathogens and host plants before 
these combinations are observed naturally and threaten endemic wildlife.  
 
Phytophthora root rot is a major disease of ornamental plants, occurring 
frequently in nurseries (Ferguson and Jeffers, 1999: Moralejo et al., 2008). 
Currently, there are over 116 Phytophthora species described or under study 
and awaiting formal naming (Kroon et al., 2012). Phytophthora species are of 
major concern in nurseries and natural environments so, with gardens 
straddling the two, this gives them greater significance as a potential source of 
introductions of new species of Phytophthora and a place where hybridization 
can take place.  
 
Phytophthora species have traditionally been identified on differences in 
morphological characters, particularly of the sporangium and oogonium (Erwin 
and Ribeiro, 1996). The ease of DNA sequencing and the reliability of some 
regions of the genome to provide identification to the species level, particularly 
the ITS region, has led to increased use of molecular methods in species 
identification. To aid species identification and delineation of species, 
molecular phylogenies are regularly investigated. Most phylogenetic studies 
involving Phytophthora have included some manual editing of the sequences 
(Cooke et al., 1997; Cooke et al., 2000; Martin and Tooley, 2003; Kroon et al., 
2004; Blair et al., 2008). This study will look at the robust groupings that result 
from using the elision method, which has not previously been undertaken with 
any Oomycete. 
 
4.2  Methods 
 
4.2.1 Sampling and baiting methods 
 
All detection methods compared in Chapter 3 had their positive tests put 
through the semi-nested PCR protocol, as described in Chapter 2. The ~900 
bp amplicon detected was isolated, cleaned and sequenced, as described in 
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Chapter 2. The organism detected was identified following comparison of the 
DNA sequences with those available in the public database GenBank. 
 
4.2.2 Sequence analysis and phylogeny 
 
Clustal analyses were carried out using all Phytophthora sequences 
recovered during January 2006 – December 2009 against all Phytophthora 
internal transcribed spacer (ITS) rRNA labelled sequences published on 
Genbank using the following search criteria, (((txid4783[Organism:exp]) AND 
RNA[Title]) NOT 28S[Title]) NOT CDS[Title]. Sequences were downloaded 
from the Genbank database on 21st November 2012 and any changes made 
to the database subsequently, have not been included. Fifteen clustal 
analyses were undertaken, using Clustal X, varying the gap opening (GO) and 
gap extension (GE) for each analysis with all other variables kept as default 
settings. The GO:GE settings used were; 1;1, 2:1, 2:2, 4:1, 4:2, 4:4, 6:1, 6:2, 
6:4, 6:6, 8:1, 8:2, 8:4, 8:6 and 8:8. The ~900bp region sequenced covered the 
internal transcribed spacer 1, the 5.8S ribosomal subunit and the internal 
transcribed spacer 2. The majority of sequences achieved complete contiguity 
over the three regions. Where single RHS sequence runs did not form contigs, 
they were included in the analysis only if they extended over at least internal 
transcribed spacer regions 1 or 2 and were labelled accordingly. In a small 
number of cases, where Genbank or RHS sequences were partial at the 3’ or 
5’ end, the addition of unknown bases (‘N’) enabled appropriate alignment 
without the need for additional forced gaps as described by Quicke et al. 
(2009). 
 
The best Maximum Likelihood (ML) trees were inferred using the parallel 
version of RAxML (Stamatakis, 2006; Stamatakis et al., 2008; Ott et al., 2007) 
on the individual and combined alignments, with support based on a 
conservative 100 bootstrapping. By concatenating data of 15 separate clustal 
alignments, the elision strategy (Wheeler et al., 1995) was employed which 
according to Hedin and Maddison (2001) establishes groups that are robust to 
varying alignment parameters. The elided matrix was computationally 
intensive, so the 1,491 sequences found to be identical (Appendix B, Table 
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B.1) were removed before full ML analysis was conducted on the elided data 
in RAxML.  
 
4.2.3 Growth rates 
 
Temperature-growth profiles were determined by growing isolates on 
cornmeal agar (CMA) plates (de Cock et al., 1992) incubated in the dark, at a 
set range of temperatures; 5oC, 10oC, 15oC, 20oC, 25oC, 30oC, 35oC. Growth 
of the mycelia was assessed on day 3, 4 or 5, depending on species, by 
measuring the diameter of two perpendicular lines that intersected at the 
inoculum plug. These data were then transformed into a daily growth rate for 
comparison. In the event that limited or no growth was observed by day 5, 
cultures were placed at 20oC in the dark for a further 4 days to establish 
viability of the cultures. 
 
4.2.4 Mating compatibility tests and oogonia measurements 
 
 
Ph. species Isolate reference Mating type 
Ph. cinnamomi BBA 69094 A1 
Ph. cinnamomi BBA 62660 A2 
Ph. cryptogea BBA 65909 A1 
Ph. cryptogea BBA 63651 A2 
Ph. drechsleri BBA 65172 A1 
Ph. drechsleri BBA 62679 A2 
Ph. cambivora BBA 21/95-K11 A1 
Ph. cambivora BBA 20/95 A2 
 
Table 4.1: Known mating strains, provided by Dr. Sabine Werres, used for 
compatibility testing of isolates recovered through apple or hemp-seed baiting 
 
Homothallism was determined using isolates grown on CMA or grated CA 
plates following 7 to 14 days incubation at 25oC in the dark. Isolates not 
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producing oogonia in single culture were paired with A1 and A2 known mating 
strains (provided by Dr. Sabine Werres) and grown on CMA plates incubated 
at 25oC in the dark. Where corresponding A1 and A2 isolates were available 
for putatively identified Phytophthora species, these were used. Phytophthora 
cryptogea isolates were used for all other species combinations. Table 4.1 
lists the isolates provided by Dr. Sabine Werres. 
 
Isolates that failed to produce oogonia, following three mating attempts with 
known A1 and A2 strains, were recorded as ‘unknown’ or ‘sterile’. 
 
Photographs of oogonia, taken at 400X magnification, were subsequently 
measured using the criteria outlined by Dick (1990). The oogonial diameter 
(OG), oospore diameter (OS), ooplast diameter (OP) (if observable) and 
oospore wall thickness (OT) of each oogonium was measured. All diameter 
measurements (OG, OS and OP) were the mean of two measurements 
perpendicular to each other, one along the x-axis and the other along the y-
axis. 
  
4.3 Results 
 
4.3.1 Host genera and families associated with Phytophthora 
 
During January 2006 to December 2009, a total of 1270 plants were tested for 
the presence of Phytophthora. Some of the sequences recovered through the 
DEN method had low read strength leading to short sequences whilst others 
had multiple species present leading to mixed reads, these could still be 
classified as Phytophthora, but were not included in the phylogenetic study. 
Subsequently, 780 sequences were included in this phylogenetic study, 
obtained via PCR of environmental samples (where no cultures were 
recovered), apple bait cultures and hemp bait cultures. Three different 
environmental samples were studied, stems, roots and rhizosphere soil which 
often included detached fine roots, from which no cultures were recovered. 
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Confirmed Phytophthora cases were associated with 79 host families 
encompassing 150 genera. Although the host associations were diverse, 52% 
of the samples tested belonged to 5 host families which included only 26 
different host genera, Figure 4.1. 
 
 
 
Figure 4.1: Top five plant families associated with Phytophthora infections a) 
Taxaceae (19%); b) Rosaceae (16%); c) Ericaceae (9%); d) Adoxaceae (4%); 
and e) Buxaceae (4%), divided into their constituent genera and presented as 
a percentage within the family. 
 
 
 Page 84 
Over the 4 year study period, almost half (49%) of the host genera were 
unique, single records (42% of the host families) associated with 
Phytophthora. Variation in the number of unique host genera records was 
observed between years, Table 4.2. Only 6% of host genera were detected in 
all four years of the survey whereas 84% were detected in one or two years 
only, Table 4.2. The number of records of Phytophthora for each host genus is 
presented in Appendix 4.A, Table A.2. 
 
YEAR 2006 2007 2008 2009
2006 6%    
2007 1% 21%   
2008 1% 7% 11%  
2009 3% 8% 5% 21% 
Table 4.2: Percentage of host genera associated with Phytophthora infections 
separated by single year records (highlighted blue) and those recorded in two 
years (n=150). 
 
Among the range of host plants on which Phytophthora was detected, there 
are a number of previously unpublished host records for known Phytophthora 
species, which include: 
Ph. plurivora: Crocus, Cucumis, Ilex, Lathyrus, Mitraria and Protea 
Ph. citrophthora: Desfontainea, Rhamnus and Sarcococca 
Ph. syringae: Euphorbia 
Ph. gonapodyides: Fatsia 
Ph. cinnamomi: Alstroemeria, Nageia nagi, Chaenomeles, Euphorbia, Laurus 
nobilis, Morus, Ribes uva-crispa and Trillium grandiflorum 
 
4.3.2 Sequencing data 
 
The fifteen Clustal alignments generated with the different GO:GE ratios 
ranged in length from 1415 bp to 3337 bp, totalling 32883 bp when 
concatenated. The ML analysis of the elided data from the fifteen individual 
Clustal alignments of the ITS region highlights the robust grouping of the 
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sequences. The single best maximum likelihood (ML) tree, generated using 
RAxML version 7.3.0, on the concatenated data had the Phytophthora species 
condensed in accordance with the clades, and sub clades, outlined by Kroon 
et al. (2012), Figure 4.2.  
 
The condensed sequence data in Figure 4.2 formed the same clade structure 
as outlined by Cooke et al. (2000) reaffirming this tree structure, based solely 
on the ITS region.  
 
Phytophthora sequences identified from the current study were grouped in 
Clades 1, 2, 6, 7 and 8 and the percentage from each is shown in Figure 4.3. 
Of the Phytophthora sequences detected during January 2006 – December 
2009, 41% were located in Clade 2 (Figure 4.3) which is known to be one of 
the largest clades in the Phytophthora phylogeny consisting of 21 separate 
species (Kroon et al., 2012).  
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Figure 4.2: Best Maximum Likelihood tree, using RAxML analysis of combined 
ITS1, 5.8S and ITS2 regions of the rRNA, from Genbank and RHS 
sequences. The numbers, and colour gradient, indicate the percentage 
bootstrap values (based on 100 bootstraps). Rooted using Clade 10. 
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Figure 4.3: Percent of Phytophthora sequences identified during Jan 2006 – 
Dec 2009 separated into clades as defined by Kroon et al., 2012 (n=982). 
 
Clades 1, 2, 6, 7 and 8 were examined individually, by using the best ML tree 
of the elided data and collapsing all other clades to their basal branch. In total, 
21 described or well defined Phytophthora species were identified through this 
study which were; Ph. alni, Ph. austrocedri, Ph. cactorum, Ph. cambivora, Ph. 
cinnamomi, Ph. citrophthora, Ph. cryptogea, Ph. fragariae, Ph. gonapodyides, 
Ph. hedraiandra, Ph. inundata, Ph. megasperma, Ph. multivora, Ph. 
nicotianae, Ph. ‘niederhauseri’, Ph. taxon ‘pgchlamydo’, Ph. plurivora, Ph. 
ramorum, Ph. rubi, Ph. syringae and Ph. tropicalis. Clade 2, containing the 
largest percentage of RHS sequences, has been represented in Figure 4.4 
with the currently known 21 Phytophthora species and putative new species. 
Phylogenies with Clades 8, 7 and 6 expanded are shown in Figures B.3, B.4 
and B.5 of appendix B, respectively. 
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Clades 1, 3, 4, 5, 6, 7, 8, 9 & 10 - black 
Ph. multivesiculata (100) - orange 
Ph. elongata (100) - green 
Ph. bisheria (100) - blue 
Ph. frigida (100) - pink 
Ph. mengei (100) green 
Ph. tropicalis/capsici (89) - lavender 
Ph. siskiyouensis (100) - orange 
Ph. tropicalis/capsici (85) - pink 
Ph. capsici (100) - dark green 
Ph. glovera (100) – light green 
Ph. capsici (100) – dark green 
Ph. citrophthora (29) – purple 
Ph. new species 8 & 9 (18) – red 
Ph. citrophthora/meadii (99) – green 
 Ph. colocasiae (100) – light blue 
Ph. citrophthora/meadii (99) – green 
Ph. botryosa (37) – purple 
Ph. new species 4 – light blue 
Ph. multivora (100) – brown 
Ph. taxon ‘South Africa’(100) – yellow 
Ph. multivora (100) – brown 
Ph. new species 3 (0) – dark blue 
Ph. citricola E (73) – green 
Ph. new species 1 (49) – light blue 
Ph. plurivora (0) – pink 
Ph. new species 1 (74) – light blue 
Ph. plurivora (0) - pink 
Ph. pini (0) – brown 
Ph. citricola III (0) – yellow 
Ph. pini (0) – brown 
Ph. plurivora (0) – pink 
Ph. new species 1 (1) – light blue 
Ph. taxon ‘emzani’ (na) – brown 
Ph. capensis (na) – light green 
Ph. new species 5 (0) – blue 
Ph. citricola s. str. (na) – orange 
Ph. new species 1 (100) – light blue 
Ph. plurivora (100) – pink 
Ph. new species 1 (100) – light blue 
Ph. new species 5 (na) – blue 
Ph. new species 2 (100) – yellow 
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Figure 4.4: Best Maximum Likelihood tree, using RAxML analysis of combined ITS1, 5.8S and ITS2 regions of 
the rRNA, from Genbank and RHS sequences. Rooted on Clade10, and all clades collapsed except Clade2. 
Bracketed figures are percent support, based on 100 bootstraps. 
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Table 4.3: Polymorphic nucleotides from aligned sequences of the ITS region 
showing variations among Phytophthora plurivora and related Clade 2 
species. Basepairs colour coded with A=green, C=blue, T=red and G=black. Nucleotide 
ambiguity code Y=C or T. Pink boxed regions highlights differences between putative new 
species and closest named species. 
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 Phytophthora new species 4 
P64176/08 Soil DNA  A _ C C C G A C T G _ A C T A T C C C G C G A G G G C T
gi227811225  A _ C C C G A C T G _ A C T A T C C C G C G A G G G C  
P110437/09 Root DNA  A _ C C C C A C T G _ A C T A T C C C G C G A G G G C T
 Phytophthora multivora 
gi227810807  A _ C C C G A C T T _ A C T A T C C C G C G A G G G C  
gi323482771  A A C C C G A C T T _ A C T A T C C C G C G A G G G C  
 Phytophthora taxon 'South Africa' 
gi354349534  A _ C C C G  C T T _ A T T A T T C C G C G A G G G C  
gi401834631  _ _ C C C G  C T T _ A T T A T T C C G C G A G G G C  
gi354349540  A _ C C C G  C T T _ A T T A T T C C G C G A G G G C  
 Phytophthora sp. Emzani 
gi309754806  A _ C T T G A C A C _ A C T G T T T C A T G G G A G T  
 Phytophthora capensis 
gi309754810  A _ C T T G A C A C _ A C T G C T T C A T G G G G G T  
 Phytophthora citricola s.str. 
gi212292837  A _ C T T G A C T T _ A C T G T T C C G C G G G G G T  
gi212292838  A _ C T T G A C T T _ A C T G T T C C G C G G G G G T  
 Phytophthora citricola s.str./citricola E 
gi387965736  A _ T T T G  C T T _ A C T G T T C C G C G G G G G T  
 Phytophthora citricola E 
gi8927494  A _ T T T G A C T T _ A C T G T T C C G C A G G A G T  
gi326582780  A _ T T T G A C T T _ A C T G T T C C G C A G G A    
gi326582782  A _ T T T G A C T T G A C T G T T C C G C A G A A    
gi326582781  A _ T T C G A C T T G A C T G T T C C G C A G A A    
 Phytophthora new species 2 
P107740/09 Soil DNA  A _ T T C G A C T C _ A C C G T T C C G C G G G G G T _
 Phytophthora citricola III 
gi294471065  A _ T T T G A C T T _ A C T G T T C C G C G G G G A T  
 Phytophthora pini 
gi212292841  A A T T T G A C T T _ A C T G T T C C G C G G G A A T  
gi98961370     T T G A C T T _ A C T G T T C C G C G G G G A T  
gi295409550  A A T T T G A C T T _ A C T G T T C C G C G G G R A T  
 Phytophthora pini-like 
gi347950005  A _ T T T G _ C T G _ A C T G T T C C G C G G G G A T  
 Phytophthora new species 1 
P29526/07 Stem DMA  A A T T T G A C T C _ A C T G T T C C G C G G G G G T  
P106092/09 Root DNA  A _ T T T G A C T C _ A C T G T T C C G C G G G G G T _
gi387965732  A _ T T T G  C T C _ A C T G T T C C G C G G G G G T  
gi99032688  A _ T T _ G A C T C _ A C T G T T C C G C G G G G G T  
gi182676328  A _ T T T G A C T C _ A C T G T T C C G C G G G G G T  
 Phytophthora new species 1 X plurivora 
P99846/09 Soil DNA  _ _ T T T G A C T C _ A C Y G T T C C G C G G G G G T T
gi323482776  A _ T T T G A C T C _ A C Y G T T C C G C G G G G G T  
 Phytophthora plurivora 
gi315439443  A _ T T T G A C T C _ A C C G T T C C G C G G G G G T  
P77922/09 Root Hemp  A _ T T T G A C T C _ A C C G T T C C G C G G G G G T  
gi323482777  A _ T T T G A C T C _ T C C G T T C C G C G G G G G T  
gi323482775  A _ T T T G A C T C _ T C C G T T C C G C G G G G G T  
gi160213683  A _ T T T G A C T C _ T C C G T T C C G C G G G G G T T
 Phytophthora plurivora-like 
gi387965731  A _ T T T G  C T T _ A C C G T T C C G C G G G G G T  
gi8927495  _ _ C T T G A C T C _ A C C G T T C C G C G G G G G T  
 Phytophthora new species 3 
P31487/07 Stem DNA  A A C T T G A C T C _ A C T G T T C C G C G G G G G T  
 Phytophthora new species 6 
P111794/09 Soil DNA  A _ C T T G A C T T _ A C C G T T T T G C G G G G G T _
P23144/07 Root DNA  A _ C T T G A C T T _ A C C G T T T T G C G G G G G T _
 Phytophthora new species 5 
P40585/08 Soil DNA  A _ C T T G A C T T _ A C T G T T T T G C G G G G G T  
P22328/07 Stem DNA  A _ C T T G A C T T _ A C T G T T T T G C G G G G G T T
P14952/07 Root DNA  A _ C T T G A C T T _ A C T G T T T T G C G G G G G T T
P108844/09 Root Hemp  _ _ C T T G A C T T _ A C T G T T T T G C G G G G G T _
P105415/09 Soil Apple  _ _ C T T G A C T T _ A C T G T T T T G C G G G G G T _
P39546/08 Root DNA  _ _ C T T G A C T G _ A C T G T T T T G C G G G G G T  
P20408/07 Root DNA  _ C C T T G A C T T _ A C T G T T T T G C G G G G G T T
P40998/08 Stem DNA  _ C C T T G A C T T _ A C T G T T T T G C G G G G G T T
A sub clade within Clade 2 was formed of Ph. capensis, Ph. citricola, Ph. 
taxon emzani, Ph. multivora, Ph. pini and Ph. plurivora but had low support 
(25 bootstrap value). The majority of isolates recovered through this survey 
were recorded within this sub clade, identified here as Clade 2c for clarity. The 
alignment of Clade 2c included six recognised species, as set out by Kroon et 
al. (2012) along with the well-defined Ph. citricola E and Ph. citricola III. From 
the alignment, 11 phylogenetically distinct putative new species, also known 
as phylotypes, could be distinguished of which six were exclusive to the 
current study and are informally labelled Phytophthora new species 1 – 6 
(Table 4.3).  
 
Phytophthora new species 1 may represent a new species or variant of Ph. 
plurivora. A Phytophthora new species 1 and Ph. plurivora cross was 
observed within Clade 2c, with 5 sequences possibly resulting from a 
hybridization or introgression resulting in a Y, the nucleotide ambiguity code 
for C or T, at position 800 (Table 4.3).  
 
Five of the six phylogenetic species, which included RHS sequences, 
identified in Clade 2c were only detected from environmental samples, and 
can be referred to as phylotypes or ‘virtual taxa’ (Brasier, 2008). Phytophthora 
new species 5 was detected from environmental samples and cultures 
isolated through both apple and hemp baiting. 
 
Within sub clade 2a, which includes Ph. citrophthora, Ph. meadii and Ph. 
colocasiae, a putative new phylogenetic species was detected which on closer 
examination of the alignment, was found to be two distinct species which have 
been designated Phytophthora new species 8 & 9. Phytophthora new species 
8 was only detected on stem and root samples of Sarcococca plants through 
environmental samples and therefore could not be subjected to any 
morphological analysis. All RHS sequences of Phytophthora new species 8 
formed a monophyletic group with 100% bootstrap support with the 
unpublished sequence GI:224923768 from the Netherlands. Phytophthora 
new species 9 was detected on a wider range of hosts including Buxus, Acer, 
Taxus and Choisya, again from both direct sequencing from environmental 
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samples and of bait-derived cultures from symptomatic stem and root 
samples. 
 
Further information about the clades is presented in the discussion. 
 
4.3.3 Results from temperature-growth profiles 
 
Daily growth rates were undertaken at 7 temperatures (5oC, 10oC, 15oC, 
20oC, 25oC, 30oC, and 35oC) on CMA. The temperature-growth data were 
collected for the entire apple and hemp derived culture collection. Analysis of 
the temperature-growth data did not fit currently published non-linear models 
of poikilotherm development (e.g. Davidson et al., 2003; Schoolfield et al., 
1981), so those discussed are being presented as singles points. Figure 4.5 
shows the growth-temperature profiles for 12 Ph. cinnamomi isolates sharing 
100% sequence identity of the ITS region. Similarly, Figure 4.6 shows the 
growth-temperature graphs for 10 Ph. cactorum isolates, again with identical 
sequences in the ITS region. 
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Figure 4.5: Effect of temperature on radial growth rate of 12 isolates of Ph. 
cinnamomi grown on CMA. 
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Figure 4.6: Effect of temperature on radial growth rate of 10 isolates of Ph. 
cactorum grown on CMA, with the isolates recovered from Aesculus (gr
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 differing growth habitats being labelled with 
ifferent coloured points. 
 
a, 
rate 
 
d Ph. plurivora growth range 
f 4.1 – 6.4 mm/day (mean 5.6 mm/day, n=45). 
d
 
The morphological and cultural characteristics of Phytophthora new species 5
were examined to determine whether this putative phylogenetic species had 
any basis outside sequence data. Daily growth rate of Phytophthora multivor
Phytophthora plurivora and Phytophthora new species 5, as defined by the 
Figure 4.4 and Table 4.3, of cultures isolated during this study were directly 
compared. Phytophthora new species 5 had a significantly lower growth 
than both Ph. multivora and Ph. plurivora. Growth at 25oC, the optimum 
temperature for Ph. plurivora and Ph. multivora (Jung and Burgess, 2009), 
clearly shows Phytophthora new species 5 is distinct with a range of 3.2 – 4.1 
mm/day (mean 3.8 mm/day, n=13), compared with Ph. multivora growth range
of 5.5 – 5.8 mm/day (mean 5.6 mm/day, n=2) an
o
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 4.3.4 Results of mating compatibility tests and oogonial measurements 
 
Sexual structures were assessed where isolates of Phytophthora were
available. All isolates of Phytophthora
 
 cinnamomi, from this study, mated 
uccessfully with tester strain Ph. cinnamomi A1, identifying them as 
d 
. Erwin 
. citrophthora as sterile or heterothallic with 
ntheridia attached amphigynously, indicating a separate identity for 
Phytophthora new species 9.  
 
s
heterothallic and of A2 mating type. 
 
All isolates of Phytophthora new species 9, shown to fall close to Ph. 
citrophthora using molecular analysis, produced oogonia in single culture an
were homothallic, with paragynous antheridial attachment, Figure 4.7
and Ribeiro (1996) describe Ph
a
 
Figure 4.7: Oogonia produced in single culture of Phytophthora new species 
 taken at two different focal planes to illustrate the antheridial attachment 
eing paragynous. (bar = 10 microns) 
th 
s and 
greater average oospore diameter. However, values of individual wall 
9,
b
  
 
Oogonial measurements of Phytophthora new species 5, compared wi
isolates of Ph. plurivora, indicated a slightly thicker average wall thicknes
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thickness and oospore diameters completely overlapped with the range 
exhibited by Ph. plurivora, so the data in Figure 4.8 cannot be used as a 
diagnostic character despite the small difference in mean values.  
 
Figure 4.8: Plot of oospore diameter against oospore wall thickness f
Phytophthora new species 5 (red) and Ph. plurivora (blue) following 
measure
or 
ments of oogonia produced from cultures recovered through apple 
aiting. 
 
b
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 4.4 Discussion 
 
Twenty-one described or well characterised Phytophthora species were 
detected during this 4 year study, of which four (Ph. plurivora, Ph. multivora, 
Ph. taxon niederhauseri and Ph. austrocedri) were undescribed prior to 
commencement in 2006. Plant Health and Seed Inspectorate (PHSI) was 
notified concerning three Phytophthora species detected in UK gardens which 
were of quarantine significance within the UK (Ph. ramorum, Ph. tropicalis, 
and Ph. austrocedri), highlighting the importance of monitoring gardens and 
their potential role in plant pathogen spread.  
 
The molecular phylogeny of the DNA sequences recovered through the 
current study was added to all those Phytophthora species, whether described 
or undescribed, already available on the National Center for Biotechnology 
Information (NCBI) public sequence database. Many studies select 
Phytophthora sequences on the basis of their availability as cultures, but with 
improved detection from environmental samples this means that many 
potentially useful sequences are being excluded. Large phylogenies are often 
based on few isolates, or even a single isolate, to represent a species but with 
intensive sequencing of multiple DNA regions (Kroon et al., 2004; Blair et al., 
2008). Use of a single region of DNA and denser sampling for analysis, in 
comparison to multiple regions and fewer taxa, tends to greatly improve trees 
and break long branches (Laurenne et al., 2006). 
 
According to Wheeler et al. (1995), the initial alignment of base pair sequence 
can influence the subsequent phylogeny. Despite this the majority of 
published phylogenetic studies of Phytophthora and related genera begin with 
an initial alignment of the sequences followed by manual adjustment or 
editing, before continuing with any further analysis (Cooke et al., 1997; Cooke 
et al., 2000; Martin and Tooley, 2003; Kroon et al., 2004; Blair et al., 2008; 
Mostowfizadeh-Ghalamfarsa et al., 2008; Jung and Burgess 2009; Scott et al., 
2009; Bezuidenhout et al., 2010; Mostowfizadeh-Ghalamfarsa et al., 2010). 
Manual adjustments add an interpretation of unknown outcome before the 
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final analysis and edits will likely vary between individuals. Alignments of the 
sequences, in this current study, used the results from 15 separate analyses, 
using ClustalX, without any subsequent manual editing or adjustments. 
 
This study used repeated Clustal analysis adjusting the gap opening (GO) and 
gap extension (GE) penalties, whilst keeping all other programme variables as 
default (Quicke et al., 2009). Maximum likelihood analysis of the elided data 
generates robust group relationships within the genus and Figure 4.2 shows 
that the five clades identified by Cooke and Duncan (1997) and expanded to 
ten by Cooke et al. (2000), are still valid and form the foundation of 
Phytophthora phylogenetic nomenclature. Clade 3, 5, 6 and 10 are all 
supported well, whilst Clade 4 is divided as described by Cooke et al. (2000) 
with Ph. quercina being placed closest to Clade 3.  
 
This is the first study to undertake analysis of the genus Phytophthora using 
the elision method on the same DNA region. From the phylogeny, only Clades 
3, 4 and 5, established by Cooke et al. (2000), had greater than 90% 
bootstrap support, whereas the monophyletic Clades 1, 2, 7 and 8 all had 0% 
bootstrap support, Figure 4.2. Within Clade 2, several species were found to 
form monophyletic groups which had strong bootstrap support, such as Ph. 
frigida (100%) and Ph. mengei (100%) (Figure 4.4). Other species were 
clustered in well-defined monophyletic groups but were nested within other 
species: for example Ph. glovera (100%) was positioned within Ph. capsici. 
Phytophthora glovera was only recently split from Ph. capsici by Abad et al. 
(2011), based on morphological and molecular characters. This suggests that 
sequences labelled as Ph. capsici do not necessarily relate to a single 
Phytophthora species, indicating a species complex that warrants re-
evaluation, as observed with Ph. citricola (Jung and Burgess, 2009). 
 
Sequences collected from environmental samples, which account for ~80% of 
those used in this study, leave no room for investigation of morphological or 
cultural characteristics. Brasier (2008) described putative new taxa based on 
sequences alone as ‘virtual taxa’, also known as phylotypes or phylogenetic 
species, as there is no hard evidence for validation. When searching for an 
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unknown disease on plants causing symptoms typical of Phytophthora, these 
‘virtual taxa’ allow for fast association of a putative new species with the 
symptoms, its pathogenicity being inferred from that of phylogenetically 
related species. 
  
Differences in morphological characters between species can be slight 
leading to errors in identification or labelling of cultures when the distinctions 
are poorly understood. Phytophthora species identification is now heavily 
reliant on comparison of ITS region sequences. Table 4.3 highlights within 
Clade 2c six putative new species that could be separated from currently 
known Phytophthora species and several other published sequences that are 
candidates for new species. All of these sequences would be within the 98-
99% similarity to a known Phytophthora species using the megablast search 
available on the NCBI website, potentially getting overlooked and recorded as 
genetic variation within a single species. New Phytophthora species, that 
share both similar morphological characters and DNA sequences with existing 
Phytophthora species with a wide host range and worldwide distribution, may 
get overlooked, as shown by the recognition of Ph. hedraiandra (de Cock and 
Lévesque, 2004) although the frequency with which this occurs is unknown. 
 
Discussion of the clusters or phylotypes identified during this study has been 
separated into their respective clades. 
 
Clade 1 
a) Phytophthora nicotianae 
Erwin and Ribeiro (1996), report Ph. nicotianae on thirteen host plants from 
the UK. This species is a known pathogen causing diseases of many 
herbaceous and woody plants (Erwin and Ribeiro, 1996). Hickmann (1958) 
recorded Ph. nicotianae as affecting 72 genera and currently Farr and 
Rossman (2013) have over 280 genera associated with this pathogen. 
Comparing the hosts identified through this study, the plants associated with 
Ph. nicotianae in UK gardens were either new host-pathogen combinations for 
the UK or represent totally new host plant records. Grevillea olivacea is an 
example of a plant which is not native to the UK, from which Ph. nicotianae 
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was not only detected but also isolated from root samples via apple baiting. 
Grevillea is known to be affected by Ph. nicotianae outside the UK, but this is 
the first record of this host-pathogen combination in the UK. As the plant was 
tested while still in its original container from the nursery it seems likely that 
the pathogen had travelled with the plant from the continent. Passiflora and 
Rhus are two additional first host records for this pathogen in the UK. Since 
neither genus is native to the UK but are often grown in UK gardens, one 
explanation might be that Ph. nicotianae is entering the UK through the plant 
trade. 
  
Other genera found infected with Ph. nicotianae were Lonicera, Ilex, 
Cotoneaster and Viburnum, all of which are commonly found in UK gardens. 
These plants are easily grown and propagated within the UK, so not requiring 
plants to be imported from abroad. This could suggest that that Ph. nicotianae 
is becoming an endemic problem within UK nurseries. Another explanation 
highlights gardens as microhabitats where plants and pathogens come into 
contact which would not otherwise interact. Lonicera, Ilex, Cotoneaster and 
Viburnum are all new host genera for Ph. nicotianae and these records may 
possibly result from the unnatural combination of plants found within garden 
habitats. This highlights that Ph. nicotianae could be potentially devastating to 
these common garden plants in their native habitat. These host-pathogen 
combinations are used by governments to aid assessment of the potential 
impact new pathogens may have; and in the UK assist with the Pest Risk 
Assessment (PRA) reports by DEFRA.  
 
b) Phytophthora cactorum 
The growth rates of Ph. cactorum cultures isolated via apple baits showed 
slight variation, Figure 4.6. In this study, the majority fit with the growth rates 
of Ph. cactorum isolated from strawberry (Fragaria) and silver birch (Betula) 
described by Hantula et al. (1997) and with those described by Brouwer and 
de Cock (www.q-bank.eu). Culture P2566/2006 (root), isolated from Aesculus, 
grew significantly slower than other isolates in this study, but was comparable 
to isolates recovered from peach trees studied by Thomidis (2003). Hantula et 
al. (1997) included an isolate from Aesculus in their molecular analysis, 
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although the growth rates of this isolate were not given. No isolates of Ph. 
cactorum in this study were recovered from peach trees for which a direct 
comparison could be made. In addition, the culture P77922-1/2009 (soil) 
recovered from Taxus, grew significantly faster at 20°C, 25°C and 30°C, than 
all the other Ph. cactorum species isolated from this study. No isolates of Ph. 
cactorum recovered from Taxus have been included in any published study 
making a comparison impossible. Hantula et al. (1997) studied the genetic 
variation within Ph. cactorum isolates recovered from various hosts in Europe 
using random amplified microsatellites (RAMS) and revealed considerable 
variation, which mostly correlated with the original host plant. The isolates 
recovered from Aesculus were genetically identical, based on RAMS, with 
those recovered from strawberry plants, suggesting that it might have a similar 
growth rate to the strawberry isolates published. Investigation of the genetic 
diversity within Ph. cactorum isolated from UK gardens, using RAMS, may 
produce results that go some way to explaining the variation in growth rates 
observed. 
 
Hantula et al. (1997) found that isolates of Ph. cactorum recovered from 
strawberry only infected birch through inoculated wounds and the isolates 
from birch did not infect strawberry seedlings, indicating a high level of host 
specificity. This suggests that if Ph. cactorum is detected on a dying plant, 
within a garden that it may not necessarily readily affect other plants that are 
listed to be hosts. Further evidence of host specificity towards plants 
commonly planted in gardens is needed. Additionally, it may be that wounding 
or stress is required for Ph. cactorum to infect many of the commonly 
recorded host plants. Plants are often recorded as having specific cultivation 
requirements (Brickell, 1996) but often tolerate wider growing conditions which 
may be sub-optimal and may promote the infection process of this pathogen. 
Investigation into the potential variation of pathogenicity to differing hosts and 
the plant stresses, both biotic and abiotic, which may encourage infection, 
would help with understanding the role of Ph. cactorum in gardens.  
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c) Phytophthora aff. cactorum 
Phytophthora DNA was detected from both the roots of sample P52919/2008 
and the soil in association with this Vitis. The DNA did not match 100% with 
any sequences currently available on Genbank, but the soil and root 
sequences were identical to each other. The phylogenetic analysis placed 
them both in Clade 1a, between Ph. cactorum and Ph. hedraiandra. More 
detailed analysis of the DNA sequences revealed that the ITS 1 region of 
P52919/2008 shared 3 single nucleotide polymorphisms (SNP) with Ph. 
cactorum (GI:227811037; GI:295394055), which were not present in Ph. 
hedraiandra (GI: 73655416; GI:98961375). While the ITS2 region shares 2 
SNP with Ph. hedraiandra isolates which were not present in the Ph. cactorum 
isolates. In addition to these differences, there were an additional 4 SNP 
changes that were not present in either Ph. cactorum or Ph. hedraiandra 
sequences. Phytophthora cactorum has only been recorded in association 
with Vitis from South Africa, and Ph. hedraiandra has not been recorded from 
Vitis (Farr and Rossman, 2013; Erwin and Ribeiro, 1996). This is potentially a 
new species not previously recorded, but in the absence of a culture, 
confirmation is impossible. One could speculate that its origins may be 
through hybridisation, as this is known to occur readily with Ph. cactorum (de 
Cock and Lévesque, 2004). However, Phytophthora species are also thought 
to arise via isolation events, such as restriction to a single host (Brasier, 
2008).  
 
d) Phytophthora infestans 
Phytophthora infestans may be the commonest Phytophthora species in UK 
gardens, but this species was not included in this survey as diagnosis was 
based on visual symptoms or the presence of sporangia on the foliage. No 
culturing or DNA testing was carried out on such samples. The host specificity 
of Ph. infestans falls outside the largely woody perennial plants that have 
been researched in this study.  
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Clade 2 
a) Phytophthora tropicalis 
In 2007, Ph. tropicalis was detected on three occasions from Viburnum, 
Telopea and Loropetalum, respectively. A single culture was recovered from 
the roots of Viburnum (P17861/2007). Comparison of the ITS sequence and 
growth rate data have confirmed its identity as Ph. tropicalis, rather than the 
closely related Ph. capsici. Phytophthora tropicalis has not previously been 
recorded as present in the UK (Farr and Rossman, 2013) so this represents 
the first record of this species for this country. 
 
Phytophthora tropicalis was separated from Ph. capsici by Aragaki and 
Uchida (2001), although variation within Ph. capsici was noted by Forester as 
early as 1990. In the same year that this species was described, the first 
record within Europe was reported, causing a wilt of Cyclamen in Germany 
and the Netherlands (Gerlach and Schubert, 2001). Phytophthora tropicalis 
was recorded by Kroon et al. (2004) on Rosa, and by Cacciola et al. (2006) 
causing wilt of Cuphea ignea. All three incidences recorded by the RHS were 
in 2007, and no further cases were detected in any other year (2003-2012). 
Pane et al. (2008; 2009) have identified Ph. tropicalis attacking Pandorea 
jasminoides and Prunus armeniaca in Italy. The published records of Ph. 
tropicalis on Cuphea ignea (Cacciola et al., 2006), Pandorea jasminoides 
(Pane et al., 2008) and Prunus armeniaca (Pane et al., 2009) are all from 
Italy. Tracking the origins of plants found in gardens can be problematic but in 
this case the Telopea plant, brought into RHS garden Wisley, was traced to a 
source in Italy. This demonstrates a clear link between plant import and the 
movement of Phytophthora species.  
 
Telopea speciosissima is native to New South Wales, Australia, as is the 
genus Telopea which contains only 5 species. However, Ph. tropicalis has not 
been recorded from Australia nor from the broader Oceania region (Farr and 
Rossman, 2013). This should be seen as an early warning of the potential 
devastation to native Telopea that could be caused by Ph. tropicalis, were it to 
enter the South Australia ecosystem. 
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The sequences of Ph. tropicalis detected from Viburnum and Telopea were 
identical but the sequences recovered from the Loropetalum had three bases 
different, suggesting that the species detected from the latter host may be a 
separate introduction. Alternatively, the base changes observed may indicate 
that this is a result of hybridization between separate Phytophthora isolates or 
with Ph. capsici, a possibility previously suggested by Donahoo and Lamour 
(2008). Unfortunately, no isolate was recovered from this host making 
clarification impossible. 
 
b) Phytophthora citricola complex 
Clade 2c contained the majority of the isolates recovered through the survey, 
(Figure 4.4). The alignment of Clade 2c included six recognised species, as 
set out by Kroon et al. (2012) along with the well-defined Ph. citricola E and 
Ph. citricola III. From the alignment, 10 putative phylogenetically distinct new 
species could be recognised, six of these included sequences from this 
current study. These were informally labelled as Phytophthora new species 1 
– 6, (Figure 4.4 and Tab 4.3).  
 
Five of the six phylogenetic species, which included sequences from this 
study, identified in Clade 2c were only detected from environmental samples. 
Phytophthora new species 1, does not match 100% with any of the recently 
described or re-described species/subspecies in the Ph. citricola complex 
(Jung and Burgess, 2009). Phytophthora new species 1, may be a new 
species, but could equally be a variant or sub-population of Ph. plurivora. 
Sequencing of more regions, both genomic and mitochondrial, would be 
required to unravel this. As well as separating out this putative new species, 
nine sequences showed a cross between Phytophthora new species 1 and 
Ph. plurivora resulting in a Y at position 800, (Table 4.3), which is the first 
example of this in the Ph. citricola complex.  
 
This Phytophthora new species 1 X plurivora could be a result of hybridization 
between species, or introgression between sub-populations. Both parental 
species appear to be recorded in the UK and occur on similar hosts, 
suggesting a natural cross through species or sub-populations coming in 
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contact possibly via plant trade. Sequences of Phytophthora new species 1, 
detected through this study, were homologous with sequences submitted to 
NCBI and associated with Rhododendron. In the survey, this species was 
associated with Aucuba, Corylopsis, Grevillea, Rhododendron, Ribes, Rosa, 
Rosmarinus and Taxus, occurring most frequently on the last of these. 
Phytophthora new species 1 X plurivora was associated with Berberis, Ilex, 
Laurus, Copernicia, Taxus and Viburnum, occurring most frequently on Taxus. 
Given that both species commonly occur on Taxus, it might be speculated that 
the cross arose on this host plant, and subsequently spread to other hosts in 
nurseries or gardens.  
 
Phytophthora new species 5 was detected from environmental samples and 
cultures isolated through apple and hemp baiting. The sequences of 
Phytophthora new species 5 formed a single monophyletic group in the single 
best ML tree (Figure 4.4), with the exception of a single sequence which fell 
outside the Phytophthora citricola complex, a difference likely due to bias 
based on sequence length. The morphological studies of the oogonia, found 
that Phytophthora new species 5 produced slightly larger oospores and 
noticeably thicker oospore cell walls. A scatter plot of these characters 
showed that, although differences were present, the range was overlapping 
with the results recorded for Ph. plurivora, (Figure 4.8), so clear differentiation, 
based on this character, was not possible. These closely related species 
could clearly be separated on growth rate. Based on the ITS sequences, 
Phytophthora new species 5 grouped close to both Ph. multivora and Ph. 
plurivora but showed a significantly slower daily growth rate on CMA, most 
noticeable at the optimum growth temperature for Ph. plurivora (25oC).  
 
Based on cultures recovered through apple baiting, Phytophthora new species 
5 was predominantly found associated with Aucuba. However, the 
environmental sequencing results revealed a wider range of hosts: 44% being 
recorded from Aucuba, but other hosts included Begonia Sensation series, 
Bougainvillea, Buxus, Chaenomeles, Choisya ternata, Cornus, Crocus, 
Enkianthus campanulatus, Eryngium, Ilex, Lathyrus, Lonicera fragrantissima, 
Meconopsis grandis, Pyrus, Rhododendron, Robinia pseudoacacia ‘Frisia’, 
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Rosa, Rubus idaeus, Tagetes erecta, Taxus baccata and Vaccinium. Included 
was the first published record of any Phytophthora species on Crocus, 
detected on foliage samples, and Lathyrus, detected on root samples (Farr 
and Rossman, 2013). 
 
c) Phytophthora citrophthora complex 
Phytophthora citrophthora, first described in 1906 by Smith and Smith as a 
serious pathogen of lemons, has been found associated with crown rot, 
gummosis and fibrous root rot of several other plant hosts (Erwin and Ribeiro, 
1996). Sequences labelled as Ph. citrophthora did not form a monophyletic 
group in this study, (Figure 4.4). There were three separate clusters that 
contained Ph. citrophthora labelled sequences. The first group formed a well-
defined cluster combining Ph. citrophthora and Ph. meadii, possibly indicating 
that these Ph. citrophthora sequences are either misidentifications or that they 
are hybrids requiring further analysis. No sequences from this study were 
found in the Ph. citrophthora/meadii group.  
 
The remaining Ph. citrophthora labelled sequences from NCBI, and those 
identified through this survey, split into two defined groups but with low 
support, Ph. citrophthora GI and Ph. citrophthora GII. There is a consistent, 
single base transition (G to A), at position 442, that sets apart GI from GII. 
Both groups had a diverse range of hosts, with GI including; Acacia dealbata, 
Actinidia deliciosa, Arbutus, Buxus, Callistemon, Choisya, Cistus, Citrus, 
Cornus, Ficus, Laurus, Lavandula, Rhododendron, Syringa, Taxus and x 
Citrofortunella. The host plants found for GII included; Acer, Actinidia 
chinensis, Betula, Buxus, Choisya, Cotoneaster, Fagus, Hedera, Orostachys, 
Rhododendron, Rhus, Salvia, Sarcococca, Syringa, Taxus and Viburnum. 
Phytophthora citrophthora was originally described infecting Citrus and this 
host is only reported in GI, as such, it is logical that Ph. citrophthora sensu 
stricto be restricted to this group. Accordingly, GI has been designated as Ph. 
citrophthora in Figure 4.4.  
 
GII also contained at least two new species, Phytophthora new species 8 & 9, 
which are described below and have been labelled accordingly in Figure 4.4. 
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Phytophthora new species 8 & 9 were both found to be homothallic. GII was 
also found to have clustering inside the recently described homothallic 
species, Phytophthora himalsilva. Sequence GI:8927491, used by Cooke et 
al. (2000), to represent Ph. citrophthora was also found in group GII. 
Phytophthora new species 8 & 9 had the lower bootstrap support (18%) of the 
two groups, with Ph. citrophthora sensu stricto having 29% bootstrap support, 
(Figure 4.4). 
 
Currently, RHS and NCBI, Ph. citrophthora-labelled sequences can be 
separated into four species, Ph. citrophthora sensu stricto, Ph. new species 8, 
Ph. new species 9 and the Ph. new species 10 (containing GI:8927491, from 
Cooke et al., 2000).  
 
Phytophthora new species 8 was detected solely from Sarcococca plant 
tissue but only through the DEN method and, therefore, no morphological 
analyses were possible. All Phytophthora new species 8 formed a 
monophyletic group with 100% bootstrap support with an unpublished 
sequence, GI:224923768 from the Netherlands. Correspondence with Man in’t 
Veld, has revealed that the isolate, associated with sequence GI:224923768, 
was homothallic (Denton et al., 2012) 
 
Phytophthora new species 9 was detected on a wider range of hosts 
including; Buxus, Acer, Taxus and Choisya. Phytophthora new species 9 was 
detected from environmental samples with cultures retrieved, via apple baiting 
and hemp seed baiting, from symptomatic stem and root samples. The 
morphological and cultural characteristics of these isolates were compared 
with published data for Ph. citrophthora sensu stricto. No significant difference 
was observed in growth rates. All isolates of Phytophthora new species 9 
were found to be homothallic with paragynous antheridial attachments (Figure 
4.7). This is markedly different from Ph. citrophthora sensu stricto which is 
considered to be sterile or heterothallic with amphigynous antheridial 
attachment (Erwin and Ribeiro, 1996). Phytophthora himalsilva also falls 
within GII. Phytophthora himalsilva is homothallic, as with the new species, 
despite falling close to Ph. citrophthora (Vettraino et al., 2011). However, the 
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ITS sequences of Phytophthora new species 9 & 8 are distinct from Ph. 
himalsilva. Published data and culture characteristics studied here appear to 
show that the division of Ph. citrophthora sequences into GI and GII could be 
supported by a homothallic/ sterile or heterothallic split. Examination of the 
cultures used by Cooke et al. (2000), and subsequently included in other 
studies (Vettraino et al., 2011; Uddin et al., 2007) as Ph. citrophthora, 
alongside those identified this study may help untangle the species and 
morphological characteristics in this complex.  
 
Clade 4 
No Clade 4 species were detected during the period of this study (Jan 2006 – 
Dec 2009). Phylogenetic analysis of the ITS region of sequences from 
Genbank using the elision method generated the same Clade 4 grouping of 
species as observed by Cooke et al. (2000). Phytophthora quercina clustered 
closest to Clade 3 based on a phylogenetic analysis of the ITS region, which 
is where it was first placed by Cooke et al. (2000). Multigene analysis by Blair 
et al. (2007), found that Ph. quercina fell closest to Clade 4 but they 
speculated that further analysis may yet reveal a different affinity for this 
species. Of the Ph. quercina sequences analysed from Genbank, there 
appeared to be a 5bp indel, possibly suggesting that there is variation or that 
separation into two species is possible. 
 
Clade 6 
The number of species placed in Clade 6 has increased dramatically, 
currently including 23 named or well-defined species, making it one of the 
largest clades (Kroon et al., 2012). Most species in this clade were recovered 
from flooded habitats, often in association with dying plants, through surveys 
of natural ecosystems (Brasier et al., 2003; Jung et al., 2011). There are many 
undescribed but well-defined species in this clade, and from the ML phylogeny 
there potentially are more species waiting to be investigated. None of these 
‘virtual taxa’, or phylotypes, contained any sequences recovered through the 
current study. The species detected and identified through the advisory 
service samples were Ph. megasperma, Ph. gonapodyides, Ph. inundata and 
Phytophthora taxon pgchlamydo. 
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 Clade 7 
a) Phytophthora cinnamomi 
All Phytophthora cinnamomi sequences clustered together, with Ph. 
cinnamomi var. parvispora being well supported, nested within this grouping 
(100% bootstrap). Three Myrtus plants were symptomatic for Phytophthora 
root rot and were subsequently tested but only one of the three tested PCR 
positive for the presence of Phytophthora. From the second plant, Pythium 
was identified whilst from the third neither Pythium nor Phytophthora was 
detected via molecular testing. Published records of Ph. cinnamomi describe 
symptoms of root rot on Myrtus (Zentmyer and Munnecke, 1952) in nursery 
plants. No further records of this disease affecting Myrtus have been reported 
prior to this survey (2007). Myrtus communis is native to Southern Europe and 
North Africa and is a common garden plant although not reliably hardy so 
more suited to warmer and drier parts of the UK (Brickell, 1996). Most records 
of Phytophthora cinnamomi on members of the Myrtaceae come from 
Australian records and are generally associated with Eucalyptus (Farr and 
Rossman, 2013).  
 
Plants affected by Ph. cinnamomi usually become infected during periods of 
heavy rainfall, with foliar symptoms becoming evident during periods of 
drought (Robin et al., 2001). Mediterranean plants are usually able to tolerate 
heavy rainfall during winter and warm drought conditions during summer with 
little adverse effect. The root rot, leading to dieback, observed in the plant 
received through the RHS advisory service, may have been caused initially by 
frost damage which weakened the plant, giving rise to the Ph. cinnamomi 
infection. 
 
Phytophthora cinnamomi is recorded as having worldwide distribution (Erwin 
and Ribeiro, 1996). Many of the Ph. cinnamomi isolates from the UK show a 
clear transversion of C to T at position 610bp although this base change has 
not been reported in print. These sequences could indicate the presence of a 
new variant within Ph. cinnamomi or possibly indicate a different Phytophthora 
species. Slight variation in the ITS region can be associated with significant 
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differences in other genomic or mitochondrial regions (Vettraino et al., 2011). 
Sequencing of more regions is required to test whether the observed 
transversion is associated with a new species. AFLP investigations, reported 
in Chapter 5, of 18 isolates of Ph. cinnamomi associated with Taxus would 
provide a useful analysis of total genomic DNA and may highlight further 
areas of differentiation between these isolates.  
 
With a worldwide distribution, Ph. cinnamomi has one of the largest host 
ranges, reported from over 1000 hosts according to Erwin and Ribeiro (1996). 
Through this study, previously unrecorded hosts have been identified for Ph. 
cinnamomi, which include Alstroemeria, Chaenomeles, Euphorbia, Laurus, 
Morus, Nageia nagi, Ribes uva-crispa, Rosa and Trillium grandiflorum. This 
shows the ever increasing range of plants that can be infected and suffer root 
rot caused by Ph. cinnamomi. 
 
b) “Phytophthora niederhauseri” 
Within Clade 7b a new, as yet undescribed, Phytophthora species was 
detected. Provisionally named “Phytophthora niederhauseri”, the paper in 
which it is to be described is currently being reviewed for publication. Although 
currently lacking a published name, for the purpose of this study, “Ph. 
niederhauseri” will be used for ease. This species, detected in 2006 from a 
single host (Grevillea) from both stem and soil samples, was detected from 
environmental samples and using apple baiting of symptomatic plant material. 
For “Ph. niederhauseri”, comparison with morphological and sequence data 
provided by Dr Gloria Abad, allowed confirmation that the isolate belonged in 
this species. 
 
The plant, from which this culture was isolated, had been directly imported to 
RHS Wisley from another European country, and had been kept in a holding 
area prior to planting. This clearly indicates that the pathogen was transported 
along with the plant and it seems unlikely that this would be an isolated 
example.  
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Despite isolating a culture of “Ph. niederhauseri” from the Grevillea plant, and 
identification through direct molecular analysis of plant tissue, when the whole 
infected plant was passed to Fera they were unable to detect this species. 
The direct result of this was that no action was taken. This demonstrates the 
difficulty of detecting potential new species and that preventing their spread 
worldwide is problematic. This new species was originally detected by Abad et 
al., in 2006, but as of May 2013, a formal description of this species still 
awaits publication. Lack of a formal publication of the name hinders 
documented reports about the potential host range and impact that it might 
have in natural ecosystems, although communication through meetings and 
conferences of diagnosticians and researchers involved with Phytophthora 
have allowed dissemination of this information enabling identification of this 
pathogen in the UK. 
 
Clade 8 
a) Phytophthora cryptogea complex 
Based on isozyme and mitochondrial DNA analysis, Mills (1991) was able to 
distinguish 7 groups within the Phytophthora cryptogea species complex and 
was able to validate Ph. drechsleri as a species. Recent investigation by 
Mostowfizadeh-Ghalamfarsa (2010), based on phylogenetic analysis of ITS 
rRNA, translation elongation factor 1alpha, β-tubulin, cytochrome c oxidase 
subunit I and the elicitin gene in combination with morphological studies, 
confirmed Mills’s separation and designation of three groups: Ph. cryptogea 
group I (GI), Ph. cryptogea group II (GII) and Ph. cryptogea group III (GIII). 
Isolates of GI and GII were both identified in this current study although GIII 
was not. Neither host nor geographical distribution could explain the groups.  
 
Phytophthora cryptogea sensu lato and Ph. drechsleri showed no recent 
hybridisation (introgression) between the two species based on sequences of 
five DNA regions (Mostawfizadeh-Ghalamfarsa et al., 2010). Conversely, their 
combined phylogenetic analysis did identify introgressants between the 
different Ph. cryptogea groups. Mostowfizadeh-Ghalamfarsa et al. (2010) 
detected these introgressants following separate phylogenetic analysis of 
each of the five genes sequenced. They found a number of isolates varying 
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between GI and GII designation depending on individual gene analysed. As 
the current phylogenetic study is based solely on a single DNA region, the 
presence of any introgressants could not be distinguished. Mostawfizadeh-
Ghalamfarsa et al. (2010) suggested that the original causes of the 
diversification of Ph. cryptogea into groups are likely to be hidden by 
introgressants which have occurred as a result of rapid spread of the groups 
through movement of plants in trade. If such plant movements were the 
underlying cause then it might follow that introgressants would be more 
common in gardens where native and non-native Ph. cryptogea groups would 
be more likely to occur together. The scope of this study was to sequence and 
analyse the ITS region, from which it is not possible to fully identify 
introgressants. Multi-gene analysis of the Ph. cryptogea cultures isolated 
through apple or hemp seed baiting would be required to elucidate whether 
they truly fit the GI or GII grouping, or are perhaps introgressants.  
 
Mostowfizadeh-Ghalamfarsa et al. (2010) found that sequences of an 
undescribed taxon, designated as Phytophthora sp. “Kelmania” (Abad et al., 
2002), clustered among Ph. cryptogea GII and GIII. Based on published 
morphological characters suggesting a close similarity with Ph. cryptogea, Ph. 
sp. “Kelmania” was proposed to be conspecific with Ph. cryptogea (Moralejo 
et al., 2009). Isolates associated with Gerbera and Coleus, described by 
Moralejo as Ph. sp. “Kelmania”, were found to have a single SNP consisting of 
a transversion (G to T) at base pair 688, separating it from NCBI deposited 
sequences of Ph. sp. “Kelmania” (GI:85665877, GI:85665876 and 
GI:85665875). Phytophthora cryptogea GIII and Ph. “Kelmania” sequences 
differ by only two base pairs, which for Ph. cryptogea GIII are designated by 
the ambiguous nucleotide codes Y (C or T) and R (A or G), at positions 76 
and 141 respectively. The ambiguity in sequences of Ph. cryptogea GIII 
means it encompasses those of Ph. sp. “Kelmania” and could be conspecific. 
 
This study identified from stem tissue of Salvia (P58120/2008 stem), a 
sequence only 2 bp different from Ph. sp. “Kelmania” (GI:85665877, 
GI:85665876 and GI:85665875), consisting of two separate transitions: G to A 
at base pair 141 and T to C at base pair 148. The transition at position 148 
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also separated it from Ph. cryptogea GIII (GI:58041872 and GI:58041871). 
This matched 100% with sequences GI:227810685, GI:227810684 and 
GI:53793885, all unpublished, direct submissions to the NCBI database and 
labelled as Ph. cryptogea. Salvia belongs in the same family as Rosmarinus 
(Lamiaceae), the latter being the only recorded host for Ph. cryptogea GIII 
(Mostowfizadeh-Ghalamfarsa et al., 2010). Phytophthora sp. “Kelmania” is 
recorded on Abies spp. and Picea spp. (Cline et al., 2008). It is possible that 
the sequence derived from P58120/2008 represents a new species but 
without a culture no morphological studies or sequencing of additional regions 
can be undertaken. Another possibility is that it is a natural genetic variation of 
Ph. cryptogea GIII and, if found to be conspecific with Ph. sp. “Kelmania”, then 
this would be the first record of Ph. sp. “Kelmania” in the UK. Due to the 
uncertain identity of this sequence, only Ph. cryptogea GI and GII can be 
definitely confirmed present in the UK. 
 
b) Phytophthora brassicae/porri 
A single sequence (P92339/2009 stem) identified in this study clustered with 
Ph. brassicae and Ph. porri but showed only 98% similarity with either named 
species. In this study, Ph. porri, Ph. brassicae and Ph. primulae clustered 
tightly together, forming the subclade designated Clade 8b (Kroon et al., 
2012). Phytophthora primulae and Ph. brassicae were both monophyletic and 
separated out clearly. Sequences labelled as Ph. porri on the other hand were 
split. The majority clustered with Ph. primulae, but several aligned with Ph. 
brassicae. There were over 10 base pair differences between P92339/2009 
and the nearest similar sequence, GI:227811077, which is a strong indication 
that this is a new species, informally designated Phytophthora new species 
11. Phytophthora new species 11 was represented by a single sequence and 
identification is based only on DNA analysis of environmental samples, so no 
morphological or cultural investigations could be carried out to confirm this 
finding. 
  
c) Phytophthora austrocedri 
Phytophthora austrocedri (incorrectly published as Ph. austrocedrae, Kroon et 
al., 2012) was detected from a stem lesion on a Juniperus plant in a UK 
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garden during June 2009. Phytophthora austrocedri is a recently described 
species recorded as causing dieback of Austrocedrus chilensis trees in 
Patagonia (Greslebin et al., 2007). Phytophthora austrocedri was the likely 
cause of a stem lesion and dieback of Juniperus in the UK gardens but 
subsequent attempts at isolation were unsuccessful. During 2010, reports of 
dieback of native Juniperus in northern England first became known but 
confirmation of the presence of Ph. austrocedri in the UK was only confirmed 
later (Green et al., 2012). Whilst the occurrence of Ph. austrocedri on 
Juniperus represents a shift of host genus, both Juniperus and Austrocedrus 
belong in the Cupressaceae. Austrocedrus is native to South America, whilst 
Juniperus is native in the UK. The horticultural trade of plants is a global 
network and there is the possibility that this Phytophthora species was moved 
on plant material. This, again, highlights the difficulties faced in preventing 
movement of disease-causing micro-organisms, especially since the 
associated disease symptoms could be dismissed as stress-related. 
Alternatively, this recently identified Phytophthora species could have a 
worldwide distribution but is difficult to isolate due to its slow-growing nature 
so is easily overlooked. This would not be the first Phytophthora species that 
proved difficult to isolate (Brasier et al., 2004). 
 
General discussion 
Over the four year period (Jan 2006 – Dec 2009) of this study, 18% of the 116 
Phytophthora species listed by Kroon et al. (2012) were detected in UK 
gardens. Additional to the 21 described or well defined species, this study 
identified a further 11 putative new species, based on ITS sequence data 
(phylotypes or phylogenetic species). This is much higher than the 17 
described or well defined species and 1 putative new species detected by 
Moralejo et al. (2009) during a 6 year survey of Spanish nurseries. It is closer 
to the 12 described species or well defined species and 9 putative new 
species identified whilst re-evaluating the Phytophthora cultures collected 
during 30 years of surveys of vegetation health in native forests in Western 
Australia (Burgess et al., 2009).  
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Phytophthora is of concern in nurseries and natural environments, and 
gardens provide an interface between both. The number of Phytophthora 
species detected in nurseries and native habitats is lower than has been 
identified in the current study (Moralejo et al., 2009; Burgess et al., 2009). 
Species detected through this study included commonly occurring, 
Phytophthora species with wide host ranges and worldwide distribution, e.g. 
Ph. cinnamomi. Other Phytophthora species found provide examples of 
possible entry into the UK through plant trade, e.g. Ph. tropicalis and Ph. 
“niederhauseri”. In addition, 11 putative new species were identified through 
the phylogenetic analysis, and where cultures were available morphological 
and/or cultural difference supported the view of them having species status. 
This study has highlighted the importance of gardens, an often overlooked 
microhabitat, as a reservoir for Phytophthora, be it as a site for new 
introductions, a place for hybridisation or as a habitat which sustains native 
Phytophthora species.  
 
This study is the first to use the elision method on multiple clustal analyses of 
the ITS region for Phytophthora, providing a robust tree of groupings. This 
method removes any human manipulation of the sequence alignments which 
could influence final tree positions. The inclusion of sequences of varying 
number of base pairs, which were lengthened using ‘N’ to aid clustal 
alignment, may introduce a bias in the final tree analysis towards sequence 
length rather than sequence similarity.  
 
By combining sequences available on NCBI and those from this study, several 
species complexes can be observed which justify further investigation. Many 
NCBI sequences are unpublished, with species naming based on high 
similarity to other sequences within the NCBI database. Re-evaluation of 
species complexes often do not take into account all sequences on NCBI, but 
do establish a type sequence for a given species (Jung and Burgess, 2009). 
The analysis undertaken in this study is computer intensive but with reduced 
computer costs of increased processing power, this minimal manipulation 
approach may become the preferred choice for research involving large 
numbers of sequences.  
 Page 114 
Chapter 5: Phytophthora spp. and Pythium intermedium 
isolates recovered from Taxus baccata: virulence and genetic 
variation 
 
5.1 Introduction 
 
Living culture collections are useful resources for further studies into the 
genetics and behaviour of organisms, although culturing and long-term 
storage of Phytophthora on agar is known to reduce or even eliminate 
pathogenicity (Hodgson and Grainger, 1964; Peters and Sturz, 2001). A 
robust test for preliminary testing of pathogenicity is required for choosing 
isolates before large-scale trials are conducted. The test requirements were to 
be easy to set up, run and assess, whilst minimizing possible variables. Hebe 
rakaiensis was selected as a model plant as it fulfilled many of the 
requirements, including a known susceptibility to Oomycetes, with eight 
species of Phytophthora and six species of Pythium recorded associated with 
Hebe (Farr and Rossman, 2012). As part of the current study a procedure has 
been devised to assess rapidly the loss of pathogenicity arising from long-
term storage cultures, using detached Hebe sprigs. 
 
To detect possible genetic variation within isolates of the same species, 
amplified fragment length polymorphism (AFLP) analysis was undertaken. 
AFLP analysis is one of the few techniques that enable comparison of 
different isolates using total extracted DNA.  
 
Phytophthora species have been recovered from many different soil types and 
plants but not all species are plant pathogens, with several Clade 6 species 
being widespread in ecosystems without apparent disease on nearby hosts 
(Kroon et al., 2012). This does not mean they will not cause disease when 
suitable hosts and conditions arise. The survey of Phytophthora species in UK 
gardens (Chapter 4) highlights that these microhabitats bring together plants 
and Phytophthora species that may not otherwise come into contact. The 
samples received by the RHS advisory service are those in which the plant is 
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dying or dead. It is important to understand the potential of Phytophthora to 
cause disease of common woody garden plants which are expected to survive 
for many years. This study will investigate the Phytophthora and Pythium 
species associated with the most recorded host plant identified through the 
survey, namely Taxus (Chapter 4; Figure 4.1). 
 
Taxus baccata (common yew) is widely grown in gardens as well as growing 
wild on certain soil types in the UK. Although the British Mycological Society 
(BMS) has 342 records of fungi associated with Taxus spp. 
(www.fieldmycology.net), only Phytophthora species are recorded as causing 
fatal diseases (Strouts, 1993; Strouts and Winter, 1994). Phytophthora spp. 
can be found in all soil types (Erwin and Ribeiro, 1996) particularly thriving in 
conditions of high humidity and running surface water (Zentmyer, 1976). 
Taxus baccata does not thrive in conditions with poor drainage, but 
interestingly can be abundant on calcareous fen peat where it benefits from 
reduced competition from large trees (Thomas and Polwart, 2003).  
 
Ellis et al. (1992) describe the symptoms of a Phytophthora root rot on Taxus 
as a gradual loss of normal green colour (chlorosis) and dieback of aerial 
portions of the plant. Similar symptoms have been recorded for Pythium 
species on alternative hosts, as a result of rots on lower stem and roots 
(Agrios, 2005). Shafizadeh and Kavanagh (2005) studied host susceptibly in 
Abies procera and found that Pythium undulatum was more virulent than 
Phytophthora cambivora, Ph. cinnamomi, Ph. cryptogea and Ph. 
megasperma. Eight Phytophthora and two Pythium species have been 
recorded worldwide from Taxus, which are Ph. cactorum, Ph. cambivora, Ph. 
cinnamomi, Ph. plurivora, Ph. citrophthora, Ph. lateralis, Ph. plurivora, Ph. 
ramorum, Py. cryptoirregulare and Py. irregulare (Farr and Rossman, 2009; 
Lane et al., 2004). From the RHS Phytophthora culture collection and survey 
work (1995-2006), six species of Phytophthora and one of Pythium have been 
isolated from Taxus baccata, with four host-pathogen combinations previously 
unreported. The species identified were Ph. cinnamomi, Ph. plurivora, Ph. 
cryptogea, Ph. citrophthora, Ph. megasperma, Ph. gonapodyides and Py. 
intermedium, listed in order of frequency with highest first. 
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 This study has three aims. First, to devise a test to check the pathogenicity of 
isolates from Taxus kept in long-term storage against an experimental host, 
Hebe. Second, to compare the genetic variability within isolates of the same 
Phytophthora species, all of which have been recovered from Taxus. Third, to 
compare pathogenicity of Phytophthora spp. and Py. intermedium towards the 
host they were all associated with, Taxus baccata. 
  
5.2 Methods 
 
5.2.1 Phytophthora and Pythium isolates 
The cultures used in this study were all collected through the RHS advisory 
service, isolated using apple baiting and stored on OAS, using the procedure 
described in the General Methods, Chapter 2. There were 69 isolates 
recorded in the RHS Phytophthora collection up until December 2006. They 
consisted of 36 Ph. cinnamomi isolates, 18 Ph. plurivora isolates, 9 Ph. 
cryptogea isolates, 3 Ph. citrophthora isolates, 1 Ph. gonapodyides isolate, 1 
Ph. megasperma isolate and 1 Py. intermedium isolate. Of those in the 
collection 47 isolates were chosen for investigation of genetic variability and 
pathogenicity towards Hebe sprigs. The isolates used to infect the Taxus 
plants are listed in Table 5.4. 
 
5.2.2 Pathogenicity of Phytophthora spp. and Pythium intermedium to Hebe 
 
5.2.2.1 Hebe plants 
Hebe rakaiensis plants (Plant Centre, RHS Wisley) in 5 litre pots were 
selected as the source for the sprigs and were kept outdoors and manually 
watered. 
 
5.2.2.2 Inoculum production 
Forty-six Phytophthora isolates, from six Phytophthora species, and one Py. 
intermedium isolate (listed in Table 5.3) were retrieved from OAS and placed 
on CA plates then kept at 20°C, in the dark. After 5-10 days, a single 5 mm 
core taken from the leading edge of clean cultures was transferred to a CA 
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plate. Five CA plates were set-up for each isolate and used for inoculation 
after a further 7-10 days growth at 20°C in the dark.  
 
5.2.2.3 Inoculation and set up of trial 
Sterile Sterilin 30ml universal tubes were half filled with autoclaved pond 
water passed through filter discs (150 mm diameter, Whatman Grade 4, 
Qualitative circles) designed to remove large particles (>20 µm). Five 5 mm 
plugs taken from the leading edge of a 7-10 day old CA culture were placed in 
each tube. Two controls were set up, untreated control, using uninoculated 5 
mm CA plugs, and negative control, having no agar plugs added. Hebe sprigs 
(about 4-7 cm long) were removed from a source plant using sterile scissors, 
then the lower sections were defoliated so only six leaves and a single bud 
remained. Non-absorbent cotton wool was wrapped around the sprig below 
the lowest leaves. This was then inserted into the sterilin tube so the stem 
was submerged in the pond water, and the cotton wool held the Hebe in place 
(see Figure 5.1). The trial was randomised using Genstat 9, with 47 isolates 
tested (plus two controls repeated twice), in 5 blocks. The trial was placed at 
room temperature with natural daylight. 
 
Hebe cutting 
 
 
 
 
Cotton wool 
 
 
 
Pond Water 
 
Sterilin tube 
 
 
Carrot Agar Plugs 
Figure 5.1: Simplified diagram of inoculation method of the Hebe sprigs using 
Phytophthora spp. or Pythium sp. isolates on carrot agar plugs. Sprigs used 
had 6 leaves and a single bud present. Five carrot agar plugs were used. 
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 5.2.2.4 Assessments 
Visual assessments were made daily to record the status of the sprig and 
mycelium growth. Where sprig deterioration occurred it was recorded as 
foliage desiccation and browning, as a percentage of each individual leaf. The 
individual percentages for each of the six leaves and bud were converted to a 
percentage of the total foliage area using the following equation; 
(sum of individual percent symptoms)/(100xnumber of leaves and buds)x100 
 
5.2.3 AFLP analysis of Phytophthora spp. and Pythium intermedium isolates 
to assess genetic variability between isolates of the same species.  
 
5.2.3.1 DNA extraction 
The isolates were prepared for extraction of DNA and extractions were carried 
out as described in General Methods, Chapter 2. 
 
5.2.3.2 AFLP protocol 
The AFLP analysis of the isolates was carried out as described by Henricot 
and Culham (2002) without modifications to the protocol. Table 5.1 shows the 
dsDNA concentration of the extracts (Genequant, following manufacturer’s 
protocol) along with an arbitrary isolate number for easy reference. 
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 Isolate Species Sample 
Types 
Isolate 
No 
Stock dsDNA 
conc (μg/ml) 
P3583/00 Ph. cinnamomi Soil 1 141.4 
P5843/00 Ph. cinnamomi Root 2 127.3 
P6744/00 Ph. cinnamomi Soil 3 130.7 
P7022/00 Ph. cinnamomi S&R a 4 133.2 
P7872/00 Ph. cinnamomi Root 5 127.8 
P10212/00 Ph. cinnamomi Soil 6 142.2 
P6135/04 Ph. cinnamomi Root 7 124.9 
P12274/04 Ph. cinnamomi Root 8 114.3 
P13618/04 Ph. cinnamomi Root 9 118.4 
P13618/04 Ph. cinnamomi Stem 10 127.1 
P13878/04 Ph. cinnamomi Root 11 122.8 
P13878/04 Ph. cinnamomi Soil 12 119.4 
P15557/04 Ph. cinnamomi Soil 13 116.2 
P509/05 Ph. cinnamomi Soil 14 133.2 
P1325/06 Ph. cinnamomi Root 15 146.4 
P1325/06 Ph. cinnamomi Soil 16 132.6 
P1438/06 Ph. cinnamomi Root 17 117.1 
P1438/06 Ph. cinnamomi Soil 18 117.8 
P1609/06 Ph. cinnamomi Soil 19 122.7 
P1937/06 Ph. cinnamomi Root 20 118.7 
P3467/06 Ph. cinnamomi Root 21 124.2 
P8980/00 Ph. plurivora Soil 22 126.3 
P1942/01 Ph. plurivora Soil 23 118.6 
P3119/01 Ph. plurivora Soil 24 115.3 
P5781/04 Ph. plurivora Soil 25 126.1 
P13884/04 Ph. plurivora Root 26 131.9 
P13884/04 Ph. plurivora Soil 27 111.7 
P2409/05 Ph. plurivora S&R a 28 134.4 
P3821/06 Ph. plurivora Soil 29 121.7 
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P15515/04 Ph. citrophthora Root 30 118.7 
P10212/00 Ph. cryptogea Root 31 121.9 
P16693/03 Ph. cryptogea Root 32 113.8 
P16993/03 Ph. cryptogea Stem 33 113.0 
P6135/04 Ph. cryptogea Soil 34 119.3 
P14675/04 Ph. cryptogea Root 35 125.8 
P14675/04 Ph. cryptogea Soil 36 122.8 
P15556/04 Ph. cryptogea Root 37 117.6 
P15556/04 Ph. cryptogea Soil 38 138.4 
P6590/06 Ph. cryptogea Root 39 118.1 
P8103/06 Ph. gonapodyides Root 40 115.3 
14/95 Ph. megasperma Unknown 41 116.1 
   -ve pcr  
   -ve aflp  
a S&R = Soil and Root 
Table 5.1: Phytophthora isolates used for the AFLP protocol along with the 
dsDNA concentration of the pure DNA extracts from the mycelium. 
 
5.2.4 Pathogenicity of Phytophthora spp. and Pythium intermedium to Taxus 
baccata 
 
5.2.4.1 Taxus plants 
Five hundred Taxus baccata plants were sourced in 1 litre containers (Sussex 
Plants, Chichester, UK). Plants were purchased 6 months (November 2007) 
before the set-up of the trial to allow the breakdown and elimination of any 
fungicides present. Pre-trial, the plants were left outdoors, on a gravel 
standing area, with occasional manual watering. Any plants showing browning 
or dieback were removed and not used for trial purposes. Plants were 
received freshly potted into 1 litre containers, using peat-based compost, so 
healthy plants were expected to survive the duration of the trial without re-
potting or fertilising. 
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 5.2.4.2 Phytophthora spp. and Pythium intermedium isolates  
The trial used a single isolate selected for each of the Phytophthora species 
and Pythium intermedium, based on the data collected through the 
pathogenicity to Hebe trial and the AFLP data. The isolates used are listed in 
Table 5.4 along with additional relevant information. 
 
5.2.4.3 Trial randomisation and plan 
The trial tested 7 species and included 2 untreated controls (no V8-
vermiculite) and 2 negative controls (addition of uninoculated V8-vermiculite), 
totalling 11 treatments. The trials consisted of 8 plants per plot, 11 treatments 
per block and 5 blocks. Genstat 9 was used to construct the trial in 
randomised blocks and a trial plan was produced (Figure 5.3). 
 
5.2.4.4 Inoculum production 
V8-vermiculite media was used for inoculating soil and contained the following 
ingredients; 
 
V8-vermiculite; a lidded pot (Nalgene) containing 500cm3 (54.5 g) vermiculite 
and 325 ml of V8 stock solution (25% (v/v) V8 juice in sterilised distilled water, 
supplemented with 2 g CaCO3).  
 
All inoculation media were prepared in individual Nalgene pots, thoroughly 
mixed and sterilised by autoclaving at 121°C for 30 minutes. 
 
Cultures were grown on CA for 7-10 days at 20oC in the dark. Using sterile 
technique, five 5 mm cores were transferred to 500 ml Nalgene pots 
containing inoculation media. After incubation at 20oC in the dark for 2 weeks 
the contents were mixed using a sterile spatula and incubated for a further 3 
weeks. 
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 5.2.4.5 Inoculation and set up of trial 
Each Taxus plant pot had the top 1 cm of soil removed, levelling the surface 
and removing weeds and moss. A sixth of a V8-vermiculite pot was used to 
inoculate each pot, the contents being spread evenly over the soil surface 
(Figure 5.2). Two controls were included; firstly Taxus plants with only the top 
soil surface removed (untreated control), and secondly, Taxus plants with the 
soil removed and uninoculated V8-vermiculite added (negative control). The 
treatments were laid out as in the trial plan (Figure 5.3) within a polytunnel 
where each plant was fitted with individual drip irrigation. Individual drip trays 
were used to prevent cross contamination of pathogens and provide saturated 
soil conditions (see Figure 5.4). 
 
Figure 5.2: Diagrammatic representation of positioning of the V8-vermiculite in 
the treated Taxus baccata plants.
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 5.2.4.6 Assessment: Plant heights and foliage browning 
Eight height assessments were recorded, initially fortnightly for 3 months (May 
– July 2008) following inoculation of the trial, then an assessment in February 
2009 and prior to dismantling in July 2009. Plant heights (cm) were recorded 
and measured from soil level at the stem to the highest growth point vertically. 
Where a side branch, rather than the main stem, was the highest point of the 
plant, this was the point recorded for the measurements.  
 
Four assessments of percentage foliage browning were recorded, initially 
fortnightly during May 2008 and the final assessment in February 2009. Plants 
were assessed in situ and browning of foliage was recorded visually, as a 
percent of total foliage area. 
 
5.2.4.7 Assessment: Root rotting and colonization 
A non-destructive assessment of root rotting was made during November 
2008. Plants were individually assessed, by the removal of the pot and a 
visual record of white, brown and black roots as a percent of total roots visible. 
The roots visible, when the pots were removed, were those in contact with the 
pot. Afterwards plants were replaced in their pot to continue growing. 
 
Clarifying and staining of a root subsample was undertaken to assess root 
colonization by Phytophthora and Pythium. As Py. intermedium is not known 
to produce sporangia, identifying the presence of the Phytophthora and 
Pythium in the roots required detection of other morphological characters, so 
simply floating a root section in filtered pond water was not adequate. 
Phytophthora and Pythium species may produce a range of different sexual 
and/or asexual structures (see Table 5.2) of which the following should be 
detectable following clarifying and staining of root samples: Ph. cinnamomi 
(chlamydospores & hyphal swellings), Ph. plurivora (oogonia), Ph. 
citrophthora (hyphal swellings and possibly chlamydospores), Ph. 
megasperma (oogonia and hyphal swellings) and Py. intermedium (hyphal 
swellings). To check for the presence of any of these structures, root samples 
were taken from all the plants in each plot during November 2008. A 
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subsample was selected from all 11 plots in block one, see Figure 5.3, for 
direct microscopic observation. As this process was time consuming, multiple 
replicates from a single block were assessed rather than a less detailed 
analysis of the whole trial. The subsample consisted of ten 1 cm lengths of 
root which were clarified and stained as described by Rajapakse and Miller 
(1992). Once stained, the root samples were kept at 5oC prior to assessment. 
For each sample, five 1 cm length roots were assessed and recorded for each 
plant in block one. 
 
 Sporangia   
Species Caducous Papillate Oogoniaa Chlamydospore 
Hyphal 
Swelling 
Ph. cinnamomi No Non Hetero Yes Yes 
Ph. plurivora No Semi Homo No — 
Ph. citrophthora No Yes-Semi Hetero Yes (some isolates) Yes 
Ph. cryptogea No Non Hetero Rare — 
Ph. gonapodyides No Non Hetero No No 
Ph. megasperma No Non Homo No Yes 
Py. intermedium — — — — Yes 
Data from van der Plaats-Niterink (1981) and Erwin and Ribeiro (1996) 
No data were available for boxes marked with ‘—‘;a Abbreviation used for oogonia production,  
Hetero = heterothallic; Homo = homothallic 
Table 5.2: Reported sexual and asexual structures produced by Phytophthora 
and Pythium species used in the Taxus pathogenicity trial. 
 
5.2.4.8 Apple-baiting of roots 
The root samples collected from each plot during November 2008 for the 
assessment of root colonisation (Section 5.2.4.7) were additionally apple 
baited to check for the presence of a viable organism. Each plot had the root 
samples combined from the 8 plants in equal proportions to produce one 
single sample. The 55 plot samples were baited individually through apples as 
described in general methods. Mycelium recovered was cultured for 
morphological identification and sequencing of the ITS region (following DNA 
extraction and PCR) (see general methods). 
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 5.2.4.9 Foliage, root and soil dry weights 
For 2 months prior to dry weight measurements, irrigation of the Taxus plants 
was intentionally stopped to pre-dry the plant and soil material as only dry 
weights were being collected.  
 
The foliage dry weights were recorded in July 2009. Each individual plant was 
assessed separately, with the foliage and stems removed at ground level 
before being placed in a paper bag. The samples were then dried at 80oC until 
they reached a constant weight. The capacity of the oven meant the samples 
were processed in blocks. Dry weights were recorded for all plots.  
 
After the aerial plant parts were removed the root and soil dry weights were 
processed and measured during November 2009. The combined root and soil 
was placed into an oven, within their plant pot container, at 105oC until they 
reached a constant dry weight. Total dry weight for soil and roots was 
recorded for all plots.  
 
5.2.4.10 Analysis of results 
All raw data have been stored and handled in Microsoft Excel, with results 
being statistically analysed using Genstat 9 or R 2.12.1. The results were 
analysed using a linear model, or analysis of variance. Results recorded as 
percentage were analysed using conventional models following arc-sine 
transformation (Crawley, 2011). 
 
5.3 Results 
 
5.3.1 Comparison of pathogenicity of Phytophthora spp. and Pythium 
intermedium isolates to Hebe 
The final results of the trial looking at pathogenicity of the isolates to Hebe are 
given in Table 5.3. The isolates tested were obtained from cultures collected 
from 1995 to 2006 and tested during 2007. Phytophthora citrophthora, Ph. 
megasperma, Ph. gonapodyides, Ph. syringae and Pythium intermedium only 
had a single isolate each used in the trial, so the results gathered were used 
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as an indication of viability. Phytophthora cinnamomi, Ph. plurivora and Ph. 
cryptogea had more than one isolate (24, 10 and 8 respectively) so requiring 
the selection of a single representative isolate.  
 
Of the 24 isolates assessed for Ph. cinnamomi, the blocks did not explain any 
of the variation seen with browning or desiccation (F=0.08, d.f.=4,96, p=0.99). 
Five isolates caused no browning or desiccation damage to the Hebe sprigs 
and only a single isolate produced 100% damage to Hebe sprigs from the 
07/11/2007 assessment (P10212/00 soil). With Ph. plurivora, again the blocks 
did not explain any variation observed (F=0.85, d.f.=4,40, p=0.5), and of the 
10 isolates assessed only one caused no damage to the Hebe sprigs. No Ph. 
plurivora isolate produced 100% damage to Hebe sprigs, with the highest 
figure recorded of 68.6% for P3821/06 soil. Within the 8 Ph. cryptogea 
isolates blocks explained no variation (F=1.15, d.f.=4,32, p=0.35). The oldest 
isolate used was P10212/00 root which caused no damage to the Hebe sprig. 
Only Ph. cryptogea isolates P16693/03 root and P16693/03 stem caused 
100% damage to Hebe sprigs; both are from the same plant sample, but from 
different tissue type. 
 
All the Phytophthora species had at least one isolate significantly different 
from both the controls, whereas Pythium intermedium showed no statistical 
difference from the negative control (F=1.4,d.f.=4,9,p=0.62) but did compared 
with the untreated control (F=20.4,d.f.=4,9,p<0.0003). 
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Combined Browning and 
Desiccation as a percent 
of total Hebe Sprig 
Foliage 
Isolate Number Species Sample Type 
Assessed 
07/11/2007 
P3583/00 Ph. cinnamomi Soil 26 
P5843/00 Ph. cinnamomi Root 49 
P6744/00 Ph. cinnamomi Soil 40 
P7021/00 Ph. cinnamomi S&R a 0 
P7872/00 Ph. cinnamomi Root 0 
P10212/00 Ph. cinnamomi Soil 100 
P6135/04 Ph. cinnamomi Root 0 
P13618/04 Ph. cinnamomi Root 20 
P13618/04 Ph. cinnamomi Stem 29 
P13878/04 Ph. cinnamomi Root 6 
P13878/04 Ph. cinnamomi Soil 0 
P15540/04 Ph. cinnamomi Stem 26 
P15557/04 Ph. cinnamomi Soil 51 
P509/05 Ph. cinnamomi Root 60 
P509/05 Ph. cinnamomi Soil 43 
P1225/05 Ph. cinnamomi Soil 51 
P1325/06 Ph. cinnamomi Root 17 
P1325/06 Ph. cinnamomi Soil 43 
P1438/06 Ph. cinnamomi Root 43 
P1438/06 Ph. cinnamomi Soil 43 
P1609/06 Ph. cinnamomi Soil 54 
P1937/06 Ph. cinnamomi Root 20 
P3467/06 Ph. cinnamomi Root 20 
P3467/06 Ph. cinnamomi Soil 0 
P8980/00 Ph. plurivora Soil 23 
P1942/01 Ph. plurivora Soil 11 
P3119/01 Ph. plurivora Soil 11 
P5781/04 Ph. plurivora Soil 0 
P13884/04 Ph. plurivora Root 63 
P13884/04 Ph. plurivora Soil 46 
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P2409/05 Ph. plurivora S&R a 54 
P6701/05 Ph. plurivora Root 60 
P3821/06 Ph. plurivora Soil 69 
P4993/06 Ph. plurivora Soil 60 
P15515/04 Ph. citrophthora Root 89 
P10212/00 Ph. cryptogea Root 0 
P16693/03 Ph. cryptogea Root 100 
P16693/03 Ph. cryptogea Stem 100 
P14675/04 Ph. cryptogea Root 49 
P14675/04 Ph. cryptogea Soil 40 
P15556/04 Ph. cryptogea Root 46 
P15556/04 Ph. cryptogea Soil 20 
P6135/04 Ph. cryptogea Soil 54 
14/95 Ph. megasperma unknown 100 
P8103/06 Ph. gonapodyides Root 74 
P12274/04 Ph. syringae Root 49 
P5527/04 Py. intermedium Soil 23 
Untreated Control   17 
Negative Control   4 
    
 L.S.D. (5%) min rep 47.5 
 L.S.D. (5%) max-min 41.1 
 L.S.D. (5%) max rep 33.6 
a S&R = Soil and Root 
Least Significant Difference (L.S.D.) are presented at the bottom of the table beneath the 
corresponding assessment date. 
L.S.D (5%) min rep = for comparison of isolates 
L.S.D. (5%) max-min = for comparison of controls and isolates 
L.S.D. (5%) max rep = for comparison of untreated control and negative control 
Table 5.3: Pathogenicity on Hebe rakaiensis, analysis of combined browning 
and desiccation at the final assessment date (07/11/2007) of Hebe sprigs 
ordered by Phytophthora spp. and Pythium sp. isolate and chronologically. 
 
As multiple isolates were collected from Taxus for numerous years for Ph. 
cinnamomi, Ph. plurivora and Ph. cryptogea and kept in storage, these data 
have been assessed for possible loss of pathogenicity correlated with length 
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of time in storage. From Figure 5.5 it can be seen that the isolates of Ph. 
cinnamomi do not seem to suffer a loss of virulence connected with length of 
time in storage. For the Ph. plurivora isolates, the older cultures caused less 
browning and desiccation of the Hebe sprigs than the younger cultures. 
Phytophthora cryptogea conversely caused fewer foliar symptoms following 
inoculation with the younger cultures than from the older cultures, although 
the oldest Ph. cryptogea isolate, from 2000, produced 0% damage to the 
Hebe sprigs. Figure 5.5 gives a summary of the results, which due to the 
small number of replicates for each species/age group, as indicated by the 
number of isolates written above each bar, were not statistically analysed. 
 
0
10
20
30
40
50
60
70
Ph. cinnamomi Ph. plurivora Ph. cryptogea
Pe
rc
en
t b
ro
w
ni
ng
 a
nd
 d
es
si
ca
tio
n 
of
 H
eb
e
 s
pr
ig
s
<1 year
1-3 years
3+ years
 
Figure 5.5: Comparison of age of isolate in culture and pathogenicity towards 
Hebe sprigs (assessment date 07/11/2007) of Ph. cinnamomi, Ph. plurivora 
and Ph. cryptogea. The number of isolates for each age group is written 
above the corresponding column. 
 
5.3.2 AFLP analysis of Phytophthora spp. isolates 
Figures 5.6 a-f show the banding pattern achieved through AFLP using 
primers EcoR1 CG and EcoR1 GC. Variance was found in the visibility of the 
patterns for each isolate. Low dsDNA concentration (<120 μg/ml) was linked 
to isolates with faint or no visible banding pattern. Enough information can be 
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gathered from these data to select an isolate that matches the majority pattern 
for each species.  
 
Each of the Phytophthora species shows a characteristic AFLP banding 
pattern. With Ph. cinnamomi (isolates 1 – 21), regardless of the primers used, 
the majority fit with the banding pattern shown by isolate 1 (P3583/00 Soil). 
Only isolates 8 (P12274/04 Root), 12 (P13878/04 Soil) and 16 (P1325/06 Soil) 
have patterns different from the majority for Ph. cinnamomi. 
 
Following re-examination of the data and initial ITS sequences, isolate 8 
(P12274/04 Root) has been re-identified as Ph. syringae, and isolate 16 
(1325/06 Soil) has been re-identified as Ph. plurivora. Isolate 12 (P13878/04 
Soil) was confirmed as Ph. cinnamomi. 
 
The AFLP banding patterns for the eight Ph. plurivora isolates (22 to 29) were 
highly similar, with no isolate showing a unique pattern. Although the faint 
images makes it difficult to say whether they are 100% identical. Isolate 16 
(P1325/06 soil) which was mislabelled Ph. cinnamomi and corrected to Ph. 
plurivora fits the same pattern as all other Ph. plurivora isolates. The nine Ph. 
cryptogea isolates (31 to 39) produced clear results using primer ECoR1-GC 
(Figure 5.6 f). All Ph. cryptogea isolates fit a single AFLP banding pattern, with 
no unique isolates, but fine differences were not discernible due to faintness 
as a result of low initial DNA concentrations. 
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Figure 5.6: GelDoc images of AFLP analysis banding patterns using primers 
ECoR1-CG (figs a-c) and ECoR1-GC (figs d-f). Black/white colouration of 
figures was selected for clearest depiction of the bands. 
For each GelDoc image m = marker (100bp ladder), c = PCR negative control, B = blank lane, and 
the numbering corresponds to isolate number from Table 5.1 
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5.3.3 Comparison of pathogenicity of Phytophthora spp. and Pythium 
intermedium to Taxus baccata 
 
5.3.3.1 Selection of Phytophthora spp. and Pythium intermedium isolates for 
pathogenicity on Taxus trial 
Two criteria were used for selection of isolates to be included in the 
pathogenicity trial on Taxus. The first was based on the AFLP banding and 
the isolate selected had to be representative of the majority of isolates for a 
given species. All species that had more than one culture (Ph. cinnamomi, Ph. 
plurivora and Ph. cryptogea) were found to have a distinctive pattern for the 
species which fitted all isolates, with the exception of isolate 12 (Ph. 
cinnamomi, P13878/04 soil) which produced a unique AFLP banding pattern 
and was therefore not selected. 
 
The second criterion was high pathogenicity towards a known susceptible 
experimental host Hebe. Isolate P10212/00 soil was the only Ph. cinnamomi 
culture to produce 100% desiccation and browning on 7th November 
assessment date. Phytophthora plurivora isolate P3821/06 soil caused 69% 
desiccation and browning damage and was the most virulent of the Ph. 
plurivora isolates. Phytophthora cryptogea had two isolates that caused 100% 
desiccation and browning of the Hebe sprigs and these were found to have 
both been recovered from the same Taxus plant, P16693/03 root and 
P16693/03 stem, the culture isolated from the stem was selected.  
 
As there was only one culture each of Ph. citrophthora, Ph. gonapodyides, Ph. 
megasperma and Py. intermedium, found in association with Taxus in the 
RHS culture collection, the selection process did not apply. Table 5.4 lists the 
representative isolates used for the pathogenicity on Taxus trial.  
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 Isolate Species Sample 
Type 
Hebe Trial 
Assessment 
07/11/2009 
AFLP 
analysis fits 
the majority 
banding 
pattern 
P10212/00 Ph. cinnamomi Soil 100 Yes 
P3821/06 Ph. plurivora Soil 68.9 Yes 
P15515/04 Ph. citrophthora Root 88.6 N/Aa 
P16693/03 Ph. cryptogea Stem 100 Yes 
P8103/06 Ph. gonapodyides Root 74.3 N/Aa 
14/95 Ph. megasperma Unknown 100 N/Aa 
P5527/04 Py. intermedium Soil 22.9 N/Aa 
a Only one culture was available for each of these isolates so comparison of AFLP within 
species could not be undertaken. 
Table 5.4: Representative isolates for each of the Phytophthora spp. and Py. 
intermedium chosen from the Hebe pathogenicity trial and AFLP analysis, for 
use in the pathogenicity on Taxus trial. 
 
5.3.3.2 Height assessment of the Taxus plants and visual browning of foliage 
The vertical growth of the Taxus plants was assessed eight times during the 
trial. Resultant growth produced by each treatment over a nine month period 
(12th May 2008 – 26th February 2009) is shown in Figure 5.7. The block did 
not account for any of the variation observed in the data (F=0.8, d.f.=4,427, 
p=0.5). Two controls were included; firstly Taxus plants with only the top soil 
surface removed (untreated control), and secondly, Taxus plants with the soil 
removed and uninoculated V8-vermiculite added (negative control). The 
untreated control plot showed the least growth over the nine month time 
period, in contrast the negative control plot showed the most growth, 15.6 cm 
and 18.5 cm respectively. When treatments were compared with the untreated 
control, Ph. gonapodyides (F=0.8, d.f.=1,431, p=0.003), Py. intermedium 
(F=0.8, d.f.=1,431, p=0.002) and the negative control (F=0.8, d.f.=1,431, 
p=0.0003) all had put on significantly more growth. By comparison, only the 
untreated control was significantly different from the negative control. All 
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Phytophthora and Pythium inoculated treatments grew more than the 
untreated control plot, but less than the negative control plot. 
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n = 40 for all treatments, except negative and untreated controls where n = 80 
Negative control = addition of uninoculated V8-vermiculite 
Untreated control = no amendment 
 
Figure 5.7: Comparative mean height increment of Taxus plants over a nine 
month period from 12th May 2008 to 26th February 2009 (error bars =1 s.e.). 
 
For the visual browning of foliage, the final assessment of bronzing, on the 
26th February 2009, was used for statistical analysis, (Figure 5.8). The blocks 
did not explain any of the variation seen in the data (F=1.6, d.f.=4,431, 
p=0.18). Phytophthora cryptogea inoculated plants showed significantly more 
bronzing than both the untreated control and the negative control, (F=8.0, 
d.f.=39,79, p<0.001) and (F=4.1, d.f.=39,79, p<0.001) respectively. Plants 
treated with Ph. cinnamomi had a significantly higher percentage bronzing 
than only the untreated control (F=3.0, d.f.=39,79, p<0.01). No other 
treatments were significantly different from the negative or untreated controls 
and therefore the null hypothesis could not be rejected. 
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n = 40 for all treatments, except negative and untreated controls where n = 80 
Negative control = addition of uninoculated V8-vermiculite 
Untreated control = no amendment 
 
Figure 5.8: Comparative mean total bronzing of Taxus per a plant on the 26th 
February 2009 assessment (error bars =1 s.e.). 
 
5.3.3.3 Visual root assessment results 
The November assessment recorded the roots classed as white, brown or 
black as a percent of the total roots visible, (Figure 5.9). White root results 
were recording the healthy new root growth being produced by the Taxus 
plant at the time of the assessment. Black roots were those found to be 
completely rotten and not functioning, evident by dark staining or bark peeling 
away. The class brown roots were those that could not be identified as 
functioning or not. Visually they appeared to be functioning roots that had 
aged and developed a pigment, but without destructively cutting all the visible 
roots they could not be confirmed as infection free. 
 
The visual assessment of the white roots showed no significant difference 
between the untreated control and the rest of the treatments. Phytophthora 
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plurivora was the only treatment statistically different from the negative 
control, with significantly fewer white roots (F=2.5, d.f.=79,39, p=0.002). The 
results for brown roots followed a similar trend with only plants treated with 
Ph. cinnamomi showing significantly fewer brown roots than both the 
untreated control and negative control, (F=2.6, d.f=8,431, p=0.0003) and 
(F=2.6, d.f=8,431, p=0.0002) respectively. No other treatments had 
percentage brown root different from either control. The results of the black 
roots, Ph. cinnamomi had significantly more blackened roots than the 
untreated control (F=1.98, d.f.=39,79, p=0.01) whilst Ph. cryptogea had 
statistically less black roots than the untreated control (F=1.8, d.f.=79,39, 
p=0.04). 
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Figure 5.9: Percentage of root rot of Taxus plants inoculated with 
Phytophthora spp. and Py. intermedium comparing the percent white, brown 
and black roots averaged per plant. Values represent the means of 80 plants 
for controls and 40 plants for the treatments. (error bars = 1 s.e.) 
 
5.3.3.4 Microbial presence following clarification and staining of root samples 
 
From the microscope pictures of the clarified stained roots 9 groups of 
structures were constructed as laid out in Table 5.5 and Figure 5.10. Table 5.5 
lists these groups and their possible identification. The identification of 
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Thielaviopsis sp. and Cylindrocarpon sp. was by consultation with colleagues 
and reference material (CABI data sheets; Ellis and Ellis, 1998). Identification 
of the mycorrhizal structures present in the root tissue utilized published 
reference material (Peterson et al., 2004; Wuber et al., 2003). These 
structures indicate other fungi present within the roots which could possibly be 
pathogenic (Thielaviopsis sp.) or arbuscular mycorrhizal (Glomus sp.). These 
groups were used as the basis for recording the results. 
 
Group Picture depiction Description Interpretation 
1 Fig 5.10 (i) Coralloid mycelium Appressoria of Glomus 
sp. 
2 Fig 5.10 (o & p) Brown tubes which fragment Thielaviopsis sp. 
chlamydospores 
3 Fig 5.10 (m & n) Inflated or collapsed spheres Arbuscular mycorrhiza 
4 Fig 5.10 (a & b) Collapsed balloon or oval 
shapes 
Vesicles of Glomus sp. 
5 Fig 5.10 (g & h) Double walled large oogonia-
like structure 
Vesicles of Glomus sp. 
6 Fig 5.10 (e & f) Brown double walled small 
oogonia-like structure 
Unknown 
7 Fig 5.10 (j, k & l) Brown or blue cells with internal 
mycelium 
Hyphal coiling or 
arbusculate coils 
8 Fig 5.10 (q & r) Clusters of 3-5 small squashed 
spheres 
Cylindrocarpon 
‘chlamydospores’ 
9 Fig 5.10 (c & d) Large blue inflated oblong 
structure 
Arbuscular mycorrhiza 
Table 5.5: The 9 groups used for scoring during microscope assessment of 
the root after clarifying and staining and their likely identification. 
 
 
When the slides of the clarified and stained roots were assessed no visible 
structures were seen to indicate the presence of Phytophthora or Pythium 
within the roots. 
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Figure 5.10: Photographs of microscopic structures seen after clarifying and 
staining of Taxus baccata roots. These structures have been separated into 9 
groups based on similarity. Images belonging to the same group have been 
placed within a solid black border. Further information on the groups can be 
found in Table 5.5 (20 micron scale bar) 
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The results using block one plants for percentage roots showing as white, 
brown and black (assessment date, November 2008) were statistically 
analysed compared to the 9 groups identified, Table 5.5. The data used the 
eight plants within each treatment as replicates. Analysis of the percentage 
white roots only found group 7 (internal mycelium) (F=3.56, d.f.=13,74, 
p=0.01) and treatment (F=3.56, d.f.=13,74, p<0.001) as highly significant. A 
similar result was found with percentage brown roots, with both group 7 
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(internal mycelium) (F=4.57, d.f.=13,74, p<0.001) and treatment (F=4.57, 
d.f.=13,74, p<0.001) being highly significant. In contrast, Treatment was not 
found to affect percentage black roots, whereas there was a significant 
interaction with group 1 (coralloid mycelium) (F=2.71, d.f.=3,84, p=0.05). 
  
5.3.3.5 Re-isolation of Phytophthora spp. and Pythium intermedium from all 
treatments using apple baiting 
Each of the 55 plots had a combined root sample baited through an apple. 
From the 55 apples baited, 41 cultures were isolated, from which the DNA 
was extracted and a semi-nested PCR carried out using DC 6 & ITS 4 
followed by ITS 6 & ITS 4 primers. All cultures produced a ~900 bp band, 
indicating organisms from the orders Peronosporales and Pythiales. The ~900 
bp band was gel excised, cleaned and sent for sequencing using primers ITS 
6 & ITS 4. Analysis of sequence data revealed the recovery of Phytophthora 
and Pythium species. Taxus plants inoculated with Ph. plurivora, Ph. 
citrophthora, Ph. gonapodyides and Ph. megasperma yielded these same 
species through apple baiting. Some plots had species recovered that did not 
correlate with the original inoculation species. Two examples are plot 28 
which was infected with Py. intermedium but the species recovered fits with 
Py. vexans, and plot 21 which was infected with Ph. citrophthora but the 
sequence recovered was closest to Ph. lacustris (syn. Phytophthora taxon 
‘Salix Soil’). The positive baits from the untreated control plots and negative 
control plots also had Oomycetes present. These included Ph. plurivora, Ph. 
cryptogea and Py. intermedium.  
 
Of the 14 apple baits with no culture recovered, 4 came from negative control 
plots (plots 3, 29, 30 and 35) and one came from an untreated control plot 
(plot 12). The remaining 9 negative apple baits were from pots inoculated with 
the following Phytophthora species, Ph. plurivora (plots 8, 19, 40 and 46), Ph. 
citrophthora (plot 24), Ph. cryptogea (plots 1 and 34) and Ph. gonapodyides 
(plots 23 and 38). The results from the apple baiting are able to confirm if a 
viable organism is present in the samples collected, but a negative result does 
not confirm absence. 
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5.3.3.6 Dry weight of Taxus foliage 
From the results of the foliage dry weights, as with the height assessments, 
the untreated controls did not exhibit the lowest figures (Figure 5.12), and 
there was no block effect (F=0.98, d.f.=11,387, p=0.74). The null hypothesis, 
that treatment was having no effect, could not be rejected (F=1.27, d.f.=7.391, 
p=0.27). 
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Figure 5.12: Comparative dry weights of foliage per plant, taken after oven 
drying at 80oC to constant weight. Values represent the mean percentage for 
each treatment. (error bars = 1 s.e.) 
 
 
5.4 Discussion 
 
The pathogenicity on Hebe trial and AFLP analysis were designed and set up 
to identify and eliminate any variance that may occur within species and 
confound results from the pathogenicity towards Taxus trial. Ensuring 
virulence was an important criterion for selection of isolates to be included in 
the pathogenicity on Taxus trial. Storage and growing cultures on agar media 
can lead to isolates declining in pathogenicity (Hodgson and Grainger, 1964) 
which will give misleading results when comparing across species. The set up 
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was designed to optimize infection and gain information on the degree of 
uniformity of virulence of the isolates within species. Hebe has been used as a 
bait plant due to its known susceptibility to Phytophthora spp. (Erwin and 
Ribeiro, 1996). The Sterilin tube with filtered pond water doubled to keep the 
sprigs watered and alive, whilst providing a wet environment for growth and 
sporulation of Phytophthora species. Although Py. intermedium has been 
recovered from Hebe plants, through the RHS advisory service (Chapter 6), it 
is not known to produce zoospores. It does however produce fast mycelial 
growth and can infect through direct hyphal penetration (van der Plaats-
Niterink, 1983).  
 
This test of pathogenicity was simple to run and low cost with the results 
showing no difference between replicates, allowing the isolates to be 
compared directly. For Ph. cinnamomi, Ph. plurivora and Ph. cryptogea, 
multiple isolates were used and length of time in storage compared with 
pathogenicity could be examined (Figure 5.5). Phytophthora plurivora showed 
that on average as culture age increases the isolates have lower virulence. 
This fits with the Hodgson and Grainger (1964) findings that the longer a 
culture is kept on agar media and repeatedly transferred the greater the loss 
in pathogenicity. The results of the Ph. cinnamomi isolates from this study, 
however, contrast with those of Hodgson and Grainger (1964) by showing no 
effect of isolate age on pathogenicity towards Hebe sprigs. Furthermore, Ph. 
cryptogea appears to have increased virulence as the age of the isolates 
increase. Variation between Phytophthora species in relation to storage has 
been recorded by Peters and Sturz (2001). They demonstrated that over a 3 
week period, decreasing the storage temperature can increase recovery of 
Phytophthora erythroseptica, whilst decreasing recovery of Phytophthora 
infestans. They suggested a link between reduced recovery and slower 
growth rates following storage as an early indication of reduced vigour and 
decline in viability. Clearly the position is complex and may only be resolved 
by a fuller analysis of all the variables with a greater number of cultures than 
were handled in the present study.  
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AFLP analysis uses whole genome information and has been used to assess 
variation within species (Henricot and Culham, 2002). AFLP analysis of Ph. 
ramorum has shown clear separation between isolates from North America 
and Europe (Ivors et al., 2004) confirming it as a useful tool for detecting 
genotypic differences. The AFLP results for Ph. cinnamomi showed the same 
banding pattern for 19 of the 20 isolates, with the single atypical isolate not 
recovered from plant material but from nearby soil. This indicates low genetic 
variance and possibly suggests a distinct genotypic group associated with 
Taxus baccata, although this study has only investigated isolates from a 
single host. This matches with research on Ph. cactorum by Hantula et al. 
(1997) which demonstrated relatively low genetic variation of isolates from the 
same host compared to isolates from different hosts. However, contrasting 
results were found by Huang et al. (2004), with greater genetic diversity found 
amongst isolates from the same host. Huang et al. (2004) was using cultures 
from survey work and also found genetic differences over time with Ph. 
cactorum isolated from strawberries. Collected over a 5 year period, 1997 – 
2001, those isolated in 1997 showed little gene diversity compared to those 
obtained later (Huang et al., 2004). Phytophthora cinnamomi isolates 
compared in this study were collected over a 7 year period, 2000 – 2006, and 
show low genetic variation. Martin and Coffey (2012) discussed separation of 
Ph. cinnamomi isolates from the World Phytophthora Culture Collection into 
45 groups based on slight differences following mitochondrial haplotype 
analysis, although they discussed no successful crossing in laboratory 
conditions and field samples suggesting clonally reproducing populations.  
Further AFLP analysis, including isolates from a wider host range, is required 
to study the genetic variation of Ph. cinnamomi in the UK and the possible 
separation of isolates found on Taxus baccata. AFLP analysis should also 
include additional host families for Ph. plurivora and Ph. cryptogea as they are 
both species with multiple isolates recovered from Taxus baccata. 
 
The Taxus infection trial was set up to confirm Phytophthora root rot as a fatal 
disease (Strouts, 1993; Strouts and Winter, 1994). Most pathogenicity trials 
inoculate plants at a wound site (Scanu et al., 2012; Pintos et al., 2012; Dos 
Santos et al., 2006) which has the disadvantage of by-passing a major part of 
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a plant’s defence. The inoculation method trialled here was designed to 
minimize disturbance or damage to the plant. Also, to accommodate infection 
by multiple Phytophthora species and Py. intermedium, zoospore suspension 
was rejected as zoospore production can be variable between Phytophthora 
species and they are not recorded for Py. intermedium (van der Plaats-
Niterink, 1983). No plant death was observed over the duration of the trial as a 
result of treatment. 
 
Phytophthora and Pythium infections are known to result in chlorosis and 
dieback of foliage and branches (Ellis et al., 1992; Agrios, 2005). Lesions and 
blackening of the roots can be caused by Phytophthora and Pythium species 
(Erwin and Ribeiro, 1996; van der Plaats-Niterink, 1983). Therefore, foliage 
and roots were visually assessed over the duration of the trial to monitor 
symptoms that might result from Phytophthora and Pythium root rots. 
 
Inoculation of Taxus with Phytophthora spp. and Py. intermedium showed no 
significant difference in height from the control plots. The largest variation in 
height was seen between the untreated control plots and negative control 
plots. It is possibly an effect of the addition of V8-vermiculite to the soil surface 
of the negative control. Chemical or physical changes caused by this could 
have produced the increase in average plant height. Presence of arbuscular 
mycorrhizae within the roots was clearly seen following clarifying and staining 
of the roots and could possibly indicate an interaction between arbuscular 
mycorrhizae and Taxus growth. Enhancement of pepper growth has been 
shown with arbuscular mycorrhizae and also reduction in the severity of Ph. 
capsici infection (Ozgonen and Erkilic, 2007). Implications for use of 
arbuscular mycorrhizae to enhance plant growth, improving vigour, survival 
and resistance of Taxus plants to infection from Phytophthora root rot may be 
an area for further study. With no fungicides available for amateurs to control 
Phytophthora root rot, any alternative methods that could be employed is 
worthy of further investigation.  
 
Foliage bronzing assessments were set up to investigate indirect symptoms of 
root stress. Although bronzed needles may be caused by many different 
 Page 146 
factors, such as wind or sun scorch and drought, reduction in the effect of 
these was anticipated by placing the plants in a polytunnel with drip irrigation. 
Infection with Phytophthora root rot will often be associated with the 
detrimental effects of dieback and leaf fall as root function fails. The last 
assessment date (26th February 2009) recorded the greatest degree of 
bronzing and was subsequently used for statistical analysis. The untreated 
control and negative control were not significantly different, and Ph. cryptogea 
caused significantly greater bronzing than either of the controls or the other 
pathogens. Phytophthora cryptogea was also associated with significantly 
fewer black roots. This is contrary to expectations, with an expected 
correlation between blackened roots and foliage symptoms. It has been 
observed that Phytophthora can cause atypical symptoms and be found 
present and sporulating in the absence of lesions (Denman et al., 2007). 
Without evidence of finding Phytophthora by microscopy this cannot be 
concluded and would require further investigation. 
 
Phytophthora root rot is known to cause lesions and blackening of roots 
(Erwin & Ribeiro, 1996). Similar root rotting has also been shown with Pythium 
species (van der Plaats-Niterink, 1983). The percentage black/rotted roots for 
Ph. cinnamomi, Ph. plurivora, Ph. citrophthora and Ph. gonapodyides were all 
significantly different from the negative control (L.S.D. (5%)). From the apple 
baiting results these species could all be recovered from the relevant 
treatments suggesting that the inoculation worked. Unfortunately, microscopy 
of cleared and stained roots revealed the presence of Thielaviopsis sp. which 
is also a root pathogen and commonly causes black root rot (Hoestra, 1965). 
When comparing visual percent black roots and Thielaviopsis infection, 
significant treatments are those with lower Thielaviopsis presence suggesting 
that Phytophthora infection has the greater influence over percentage 
black/rotted roots. 
 
For all treatments the percent of white roots, taken as an indication of 
completely healthy roots, was not significantly different from the negative 
control except for Ph. plurivora. Phytophthora plurivora had a significantly 
lower percentage of white roots than the negative control. These results could 
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indicate that at the assessment time all plants, except those inoculated with 
Ph. plurivora, produced the same amount of new root growth. Phytophthora 
plurivora was the only pathogen to be associated with significantly more 
blackened roots and at the same time significantly fewer healthy white roots. 
Phytophthora cinnamomi, Ph. citrophthora and Ph. gonapodyides treatments, 
all yielded significantly higher levels of black roots but this appears to be due 
to a reduction in brown roots but not to a significant extent. This suggests that, 
unlike the other pathogens, Ph. plurivora is infecting the new root growth of 
the Taxus plant and therefore reducing the percentage of white root growth. 
 
Compared with the control plots, none of the treatments was significantly 
different in their foliage dry weight. This contrasts with research by Maurel et 
al. (2001) who demonstrated biomass reduction of Quercus spp. leaves, 
stems and roots as a result of inoculation with Ph. cinnamomi. Possibly the 
slow growth of Taxus plants meant that the time-frame of the experiment was 
insufficient to show a noticeable difference in this study.  
 
As the plants did not appear to be dying sections of the roots were tested to 
confirm whether infection had occurred. Two methods were employed to test 
this, using apples to bait out living Phytophthora and Pythium species and 
microscopic examination of the roots to check for any identifiable structures.  
 
Of the 55 samples baited, 41 were found to be positive giving a 74.5% 
recovery rate for this technique. Only 36 of the 55 plots were artificially 
inoculated with a treatment, so a recovery rate of 65.5% was expected. So 9% 
of the cultures recovered through apple baiting were from control plots, not 
artificially inoculated with a pathogen, but yielded an oomycete, including Ph. 
plurivora, Ph. cryptogea and Py. intermedium. It is possible that contamination 
could have occurred during baiting leading to extra cultures recovered. This is 
despite precautions in place to prevent this from occurring at each step of the 
protocol. When Taxus plants were inoculated, each treatment was handled 
separately using clean gloves. All the plants had individual irrigation pipes and 
drip trays to prevent cross contamination via water movement. When roots 
were sampled, clean gloves were used for each plant along with new, clean 
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and pre-labelled bags. During culturing and DNA extraction the samples were 
processed in the same order. With all the precautions adhered to, it is not 
possible to explain the recovery of Phytophthora and Pythium species from 
the uninoculated control plots. This suggests that the Taxus plants used in the 
trial were either already sub-clinically infected or potted into soil containing the 
Phytophthora spp. and Pythium spp. subsequently recovered and this could 
have influenced the trial. The trial was set up to compare the range of 
pathogenicity of the Phytophthora species and Py. intermedium towards 
Taxus baccata. It has, however, been shown that pre-inoculation with a lesser 
pathogen can induce partial resistance to a later infection by a more virulent 
pathogen (El-Hamalawi and Menge, 1994; Picard et al., 2000; Ghosh et al., 
2006). In addition to the presence of Phytophthora and Pythium species, 
Thielaviopsis, known to cause black root rot (Jones and Benson, 2001), was 
identified following examination of clarified and stained roots. The unknown 
level of pre-infection of the trial plants with another pathogen makes analysis 
of the results difficult. This variable will have influenced the results and further 
work would be required to examine to what extent any pre-infection influenced 
the experimental inoculation. If a less virulent pathogen can induce a plant’s 
resistance to infection by a more pathogenic species, it may be possible to 
categorise an isolate or strain of a species as more or less pathogenic when 
compared to reference isolates through dual infections and sequential 
infections. This may identify organisms that may infect without killing the host 
plant, triggering plant resistance and could potentially be part of an integrated 
control regime against Phytophthora in garden plants and elsewhere. The 
recovery of Phytophthora spp. and Pythium spp. through apple baiting, 
although no oomycete structures were present in the roots, could suggest low 
levels of infection not detectable in the sample size used for the clarified root 
assessment. 
 
Two new records were also identified through the baiting of the Taxus plants, 
these were Ph. lacustris (syn. Phytophthora taxon ‘Salix Soil’ described by 
Brasier et al., 2003) and Py. vexans. These species increase the list of 
Oomycetes found associated with T. baccata and highlight the high 
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susceptibility of this host although, as observed in this nine month study, not 
necessarily resulting in observable aerial symptoms or plant death.  
 
Following the clarification and staining of 440 root samples no structures were 
found that indicated the presence of Phytophthora or Pythium. There was, 
however, a high presence of mycorrhizal structures within the roots assessed. 
Intraradical hyphae (intercellular or intracellular in location), arbuscules (finely 
branched hyphae involved in nutrient exchange), extraradical mycelium 
(hyphae that connect the root to the soil) and spores formed in the 
extraradical mycelium are all characteristics of arbuscular mycorrhizas 
(Peterson et al., 2004). The additional presence of hyphal coils in the cortex 
and small branches from some to form arbusculate coils suggest the presence 
of a Paris-type arbuscular mycorrhiza, named after the plant genus from 
which it was first described (Peterson et al., 2004). The arbuscular mycorrhiza 
could be a Glomus species and research has shown the presence of this 
genus in wild and cultivated Taxus (Wuber et al., 2003). During their study 
Wuber et al. (2003) identified 4 sequence types of Glomus distinct from any 
previously published. The presence of mycorrhiza could be influencing 
Phytophthora infection (Ozognen and Erkilic, 2002) but as high levels were 
seen throughout treatments then the comparison between treatments could 
still be valid.  
 
There are aspects of the Taxus infection trial that could have resulted in 
infection failing to cause plant death. Climatic factors such as rainfall, 
temperature and wind can all influence levels of infection. To reduce the effect 
of these factors plants were placed in a polytunnel, and there were side 
opening vents which allowed air circulation. Temperature and humidity 
sensors recorded the average night/day temperature being 11oC/23oC, 
respectively. The plants could have been affected by other foliar pests or 
diseases, so all symptoms were observed and recorded with only low levels of 
pest damage found. One major drawback of the trial could be that it lasted for 
only ten months, with a longer time-frame needed to accommodate the slow 
growing nature of Taxus. While variation was observed in the discolouration of 
the roots, foliage dry weight and plant heights, very little was explained by the 
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treatments (Phytophthora or Pythium inoculum). As there were small 
variances, increasing the number of blocks might have improved detection of 
statistical differences, but only at the expense of a totally unwieldy trial size. 
Many of the possible external variables were standardised during the planning 
stages of the trial but unforeseen problems arose, such as pre-infection with 
plant pathogens and mycorrhiza, which are likely to have affected the 
analysis. 
 
Infection of the Taxus plants was achieved, as many of the plants yielded the 
same Phytophthora or Pythium species through apple baiting as used in the 
inoculum. Observations over ten months and with no fatalities, suggest that 
there are other variables involved and it is not a simple host-pathogen 
interaction. Often the relationship required to cause a disease, rather than just 
an infection, is shown as a triangle with host, pathogen and environment at 
each of the corners (Franci, 2001). Even when controlling as many of the 
environmental conditions as possible, and making them conducive for 
Phytophthora and Pythium infection, this did not result in any plant deaths. 
More work is required to understand what is required of the host, pathogen 
and environment and how changing them affects disease epidemics but it will 
have to include a fourth parameter of other organisms, whether plant 
pathogens, mycorrhiza or endophytes.  
 
Further work is necessary to examine two aspects of Phytophthora and 
Pythium root rots: how initial infection occurs and the factors influencing the 
change from plant survival to plant death. This will hopefully help identify the 
factors that can prevent plants from succumbing to Phytophthora and Pythium 
root rot and help gardeners manage these diseases. 
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Chapter 6: Detection and isolation of Pythium species 
associated with dying plants in UK gardens 
 
6.1 Introduction 
 
The ITS region of Pythium species is variable in length ranging from ~700 to 
~1000bp (Lévesque and de Cock, 2004). Difficulties are known to arise with 
alignments of the ITS region of Oomycetes due insertions and deletions 
(Martin and Tooley, 2003). Initial alignments can have a greater effect on 
grouping than the subsequent tree construction (Morrison and Ellis, 1997). 
Phylogenetic groupings can be difficult to reproduce or may show bias 
depending on the manual adjustments made to the alignments prior to 
analyses. The current study utilises the elision method to identify robust 
groupings based on multiple sequence alignments changing the programme 
variables. This is the first study to use this analysis method on the genus 
Pythium and Phytophthora (Chapter 4). 
 
The comparison of detection techniques, as described in Chapter 3, compares 
molecular methods to traditional baiting. The nested PCR primers selected, 
based on the ITS region of the rDNA, were developed for detection of 
Phytophthora (Bonants et al., 1997; Cooke et al., 2000) but have been shown 
to detect species more generally within the orders Peronosporales and 
Pythiales. Sequencing of the ~900bp band produced from the semi-nested 
PCR detection method from Chapter 2 resulted in the identification of both 
Phytophthora and Pythium species. Pythium species were detected on plants 
with symptoms characteristic of Phytophthora disease. All species within the 
genus Phytophthora are known pathogens of plants to a greater or lesser 
extent (Erwin and Ribeiro, 1996) and their detection usually indicates the 
organism causing the symptoms. Pythium species show a wide range of 
biological strategies (van der Plaats-Niterink, 1981), and are often perceived 
as ubiquitous in soil and not a major pathogen of mature plants; so their 
presence and importance may be overlooked. The detection of Pythium from 
dead and dying plants, which this study has identified as species 
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predominantly known to be plant pathogens, suggests they may play a 
hitherto unsuspected role as disease agents in UK gardens. 
 
Van der Plaats-Niterink (1981), records approximately 120 species within the 
genus Pythium, whilst Ho et al. (2012) state there are 305 described species 
on www.mycobank.org, with worldwide distribution in both water and soil (van 
der Plaats-Niterink, 1975; Dick and Ali-Shtayeh, 1986). Pythium species are 
generally considered to be saprotrophs, with some becoming facultative 
pathogens under favourable conditions (Mehrotra and Aneja, 1990). Although 
many species are known plant pathogens, others are strict soil saprotrophs 
(van der Plaats-Niterink, 1981) or pathogens of insects (Saunders et al., 
1988), mammals (de Cock et al., 1987), algae or fish (van der Plaats-Niterink, 
1981). Surveys have been conducted (van der Plaats-Niterink, 1975; Sánchez 
and Gallego, 2000), detecting (Pettitt et al., 2002; Garzón et al., 2005; Spies 
et al., 2011) and controlling (Locke et al., 1983; Martin and Hancock, 1986) 
Pythium spp. in commercial crops. Some Pythium species are found on 
agriculturally important crops (Locke et al., 1983; Kucharek and Mitchell, 
2000; Allain-Boulé et al., 2004), but many are known mostly from ornamental 
plants (Moorman et al., 2002; Romero et al., 2007). Research with ornamental 
plants often focuses on detection of Pythium in irrigation systems (Sánchez et 
al., 2000; Pettitt et al., 2002). Pythium species can cause symptoms similar to 
those of Phytophthora species, such as root rots, damping-off of seedlings 
and rots of lower stems, tubers and corms (Agrios, 2005). Since the use of 
baits or molecular methods is required for detection, this may result in 
Pythium species being under-reported. This is the first study to identify 
Pythium species, and test the hypothesis that those found on symptomatic 
plant tissue or in rhizosphere soil from plants in UK gardens are known plant 
pathogens.  
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6.2 Methods 
 
6.2.1 Sampling and hemp baiting methods  
 
Symptomatic plant tissue was sampled and baited through hemp seed as 
described in Chapter 2 – General Methods. Identification of isolates recovered 
involved DNA extraction from mycelium followed by semi-nested PCR, which 
produced a ~900bp amplicon where Phytophthora or Pythium had been 
successfully cultured. The variability in size of the amplicons recovered for 
Pythium spp. was larger than observed with Phytophthora spp., with the ITS 
region known to range from ~700bp to ~1000bp (Lévesque and de Cock, 
2004). The size ~900bp will be used in its loosest sense to encompass the 
range for Pythium species. Separation by electrophoresis, gel excision and 
fragment clean-up, of the ~900bp amplicon, was followed by sequencing 
using primers ITS4 and ITS6. The results were thus comparable with species 
identifications obtained through DNA extraction of putatively infected plant 
material of the same samples. 
 
6.2.2 Phylogenetic analysis of the sequences 
 
Clustal analyses were carried out using all Pythium sequences recovered 
during January 2006 – December 2009 against all Pythium and Phytopythium 
ITS rRNA sequences published on Genbank using the following search 
criteria, ((txid4797[Organism:exp]) AND ITS[Title]) and 
((txid795339[Organism:exp]) AND ITS[Title]), respectively. Sequences were 
downloaded from the Genbank database on 21st November 2012 and any 
changes made to the database subsequently, have not been included. Time 
constraints meant that only six clustal analyses were undertaken, using 
Clustal X, varying the gap opening (GO) and gap extension (GE) for each 
analysis with all other variables kept as default settings (Quicke et al., 2009). 
The GO:GE settings used were; 1:1, 4:1, 4:4, 8:1, 8:4 and 8:8. The ~900bp 
region sequenced covered the internal transcribed spacer 1, the 5.8S 
ribosomal subunit and the internal transcribed spacer 2. The majority of 
sequences achieved complete contiguity over the three regions. Where single 
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RHS sequences did not form contigs, they were included in the analysis only if 
they extended over at least ITS 1 or 2 and were thus labelled. 
 
The best Maximum Likelihood (ML) trees were inferred using the parallel 
version of RAxML (Stamatakis, 2006; Stamatakis et al., 2008; Ott et al., 2007) 
on the individual and combined alignments, with support based on a 
conservative 200 bootstrapping, using the rapid bootstrapping algorithm in 
RAxML (Stamatakis et al., 2008). By concatenating data of 6 separate clustal 
alignments, the elision strategy (Wheeler et al., 1995) was employed which 
according to Hedin and Maddison (2001) establishes groups that are robust to 
varying alignment parameters and therefore is more suitable than alternative 
methods for handling analyses of DNA regions difficult to align due to the 
presence of indels. 
 
6.2.3 Temperature-Growth relationship 
 
Temperature-growth profiles were determined for all isolates by growing 
isolates on cornmeal agar (CMA) plates (de Cock et al., 1992) incubated in 
the dark, at a set range of temperatures; 5oC, 10oC, 15oC, 20oC, 25oC, 30oC, 
35oC. Growth of the mycelia was assessed on day 1 or 2, dependent on 
species, by measuring the diameter of the culture along two perpendicular 
lines that intersected at the inoculum plug. These data were then transformed 
into a daily growth rate for comparison. In the event that limited or no growth 
was observed on day 2, cultures were placed at 20oC in the dark for a further 
3-4 days to establish viability. 
 
6.3 Results 
 
6.3.1 Results of baiting with hemp seeds  
 
The baiting, using hemp seed, was established to isolate Pythium cultures for 
later characterization but, in contrast with the apple baiting - where selection 
of isolates was based on presence or absence of sporangia, any culture that 
grew on the P5ARP (selective medium) was sequenced following the semi-
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nested PCR protocol described in Chapter 2. This allowed for the direct 
comparison of detection-from-environmental-samples versus hemp seed-
recovered-isolates, following sequencing. Baiting using hemp seed was found 
to recover Phytophthora as well as Pythium species, but generally favoured 
isolation of faster growing Pythium. 
 
Baiting of Phytophthora and Pythium from symptomatic plant tissue using 
autoclaved hemp seed was initiated during 2006 and three complete years of 
data are compared here, January 2007 to December 2009 inclusive.  
 
As the samples were received via the RHS advisory diagnostic clinic, where 
availability of material was limited, it was not always possible to subject all 
incoming samples to both detection methods. It was possible to compare 
directly 38 stem samples and 400 root samples, using the techniques of hemp 
baiting followed by semi-nested PCR of the culture DNA (HBN) and directly 
extracted total symptomatic plant DNA followed by nested PCR  (DEN), see 
Table 6.1 a & b.  
 
a) Stem Samples Direct  extraction  
Hemp bait mycelium  Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 6 2 0 8 
Pythium spp. 11 9 6 26 
Negative 1 2 1 4 
Total 18 13 7 38 
 
b) Root Samples Direct extraction  
Hemp bait mycelium  Phytophthora spp. Pythium spp. Negative Total 
Phytophthora spp. 22 23 15 60 
Pythium spp. 88 142 84 314 
Negative 6 14 6 26 
Total 116 179 105 400 
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Table 6.1 a & b: Directly comparable results following sequencing of hemp 
bait derived cultures with sequences from direct extraction of environmental 
samples, following semi-nested PCR by sample type; a) Stem and b) Root. 
 
Of the symptomatic stem samples tested through both detection methods, 
2.6% came back negative for both tests compared to 1.5% for symptomatic 
root samples. The figures from Table 6.1a showed an agreement between 
both methods of 39.5% positive detection from symptomatic stems (15.8% 
Phytophthora; 23.7% Pythium), whilst symptomatic roots, Table 6.1b, has 
41% agreement between both methods for positive detection (5.5% 
Phytophthora; 35.5% Pythium). Combining the detection for the presence of 
either Phytophthora or Pythium, the HBN method was more effective than the 
DEN method for both sample types, detecting 24.8% and 15.8% for root and 
stem samples, respectively, which were negative through the DEN method. 
Compared to the DEN method detecting 5% and 7.9% for root and stems 
samples, respectively, which were negative through the HBN test. 
 
Comparison between the detection methods, using the statistical methods 
adopted by Lane et al., (2007), measured the sensitivity and specificity of the 
hemp baiting results with the direct identification from environmental samples. 
As the hemp baiting protocol included no stages to differentiate or eliminate 
either Pythium or Phytophthora (which was also the case for directly sampled 
tissues taken from the affected plants) for the purpose of analysis, a positive 
result included both Phytophthora and Pythium sequence results. The 
sensitivity of the hemp bait tests was high for both the root and stem sample 
types, 93% and 90% respectively, although specificity was low, 6% and 14% 
respectively. 
 
Using the parameters outlined by McDonald et al. (1999), HBN was 
designated as “observed” and DEN designated as “expected” in a chi-squared 
analysis. The results showed that they were significantly different for both root 
(χ2=194.7, 2d.f.) and stem (χ2=19.84, 2d.f.) samples. This rejects the null 
hypothesis of a relationship between the HBN and DEN results. 
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When the Pearson’s chi-squared test was used to estimate the “expected” 
results and include all HBN and DEN results as the “observed” data (Tables 
6.1 a & b), the results suggested the null hypothesis could not be rejected for 
both the stem (χ2=4.2 (4d.f.)) and root samples (χ2=2.8 (4d.f.)). The results 
from the Pearson’s chi-squared test suggest the results of the HBN and the 
DEN are independent of each other.  
 
6.3.2 Host data from the PCR, apple and hemp bait data 
 
During January 2006 to December 2009, a total of 1270 plants were tested for 
the presence of Phytophthora and, as a consequence of the primers selected, 
Pythium species were also detected and their ITS region sequenced. Some of 
the sequences recovered through the DEN method had low read strength 
leading to short sequences whilst others had multiple species present leading 
to mixed reads, these could still be classified as Pythium, but were not 
included in the phylogenetic study. Subsequently, 1210 sequences were 
included in this phylogenetic study, obtained via PCR of DNA from 
environmental samples, apple bait cultures and hemp bait cultures.  
 
Confirmed Pythium cases were associated with 90 host families 
encompassing 175 genera. Although the host associations were diverse, 
almost half (47%) of all the samples tested belonged to just 5 host families 
which included only 39 host genera, summarised in Figure 6.1. 
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Figure 6.1: Top five plant families (47% combined) associated with Pythium 
infections a) Taxaceae (15%); b) Rosaceae (15%); c) Ericaceae (7%); d) 
Cupressaceae (5%); and e) Papilionaceae (5%), divided into their constituent 
genera and presented as a percentage within the family. 
 
 
6.3.3 Phylogenetic analysis of the sequences recovered 
 
The six Clustal alignments generated with the different GO:GE ratios ranged 
in length from 5,009 bp to 8,908 bp, totalling 35,960 bp when concatenated. 
Later examination of the sequence alignments revealed several sequences 
from NCBI included the 18S ribosomal subunit, resulting in the long clustal 
alignments observed. The maximum likelihood (ML) analysis of the elided 
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data from the six individual Clustal alignments of the ITS region highlights the 
robust grouping of the sequences. The single best ML tree, generated using 
RAxML version 7.3.0, on the concatenated data had the Pythium species 
condensed in accordance with the clades outlined by Lévesque and de Cock 
(2004), Figure 6.2. Without the inclusion of any Phytophthora sequences, the 
tree was rooted using Clade K to fit with the relationship described by 
Lévesque and de Cock (2004) and Robideau et al., (2011) based on the ITS 
region. Phylogenies using the LSU, COI or coxII regions do not place Clade K 
as basal to Pythium sensu lato (Robideau et al., 2011; Uzuhashi et al., 2010; 
Villa et al., 2006), so re-rooted trees were used for comparison in discussion 
(data not shown). The clades outlined by Lévesque and de Cock (2004) were 
not all supported when using the elision method of analysis. Subclades have 
been used in this study for ease in the results and discussion. As the current 
Pythium clade system, as set out by Lévesque and de Cock (2004), uses 
letter designation, so to reduce confusion the subclades have used a 
numbering system. The Pythium species included with these subclades are 
outlined in Figure 6.2.  
 
Pythium sequences identified from this study were found in Clades B – K and 
the percentage from each is shown in Figure 6.3. Of the Pythium sequences 
detected during January 2006 – December 2009, 58.9% could be placed in 
Clade F (Figure 6.3), known to consist of important plant pathogens 
(Lévesque and de Cock, 2004). No Pythium species in Clade A were 
identified through this study.  
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clade or  
subclade Species included 
A (1) Py. adherans, Py. monosporum, Py. chondricola, Py. porphyrae 
B (1) Mixed 
B (2) 
Py. aquatile, Py. diclinum, Py. dissotocum, Py. 
lutarium, Py. marinum, Py. oopapilum, Py. 
pachycaule, Py. pectinolyticum 
B (3) Py. un-named species 
B (4) Py. flevoense 
B (5) Py. un-named species 
B (6) Py. graminicola, Py. inflatum, Py. periilum 
B (7) 
Py. arrhenomones, Py. aristosporum, Py. 
catenulatum, Py. perillum, Py. plurisporum, Py. 
torulosum, Py. vanterpoolii, Py. volutum 
B (8) Py. un-named species 
B (9) Py. coloratum 
B (10) Py. sulcatum 
B (11) Py. dissimile 
B (12) Py. scleroteichum 
B (13) Py. myriotylum, Py. zingberis 
B (14) Py. tracheiphillum, Py. salpingophorum, Py. conidiophorum 
A (2) Py. aphanidermatum, Py. deliense 
A (3) Py. aff monosporum 
C (1) Py. grandisporangium 
C (2) Py. insidiosum 
C (3) Py. grandisporangium 
D  
H  
J (1) Py. apinafurcum, Py. buismaniae, Py. polymastum, Py. uniculatum, Py. mastophorum 
I (1) Py. aff heterothallicum, Py. glomeratum, Py. heterothallicum,  
G (1) Py. violae 
G (2) Py. iwayamai, Py. nagi, Py. okanopanense, Py. paddicum 
I (2) Py. splendens, Py. ultimum 
E (1) Py. rostratifingens, Py. rostratum 
E (2) 
Py. acrogynum, Py. apiculatum, Py. bifurcatum, Py. 
carolinianum, Py. echinulatum, Py. erinaceum, Py. 
hypogynum, Py. ornacarpon, Py. longandrum, Py. 
longisporangium, Py. marsipium, Py. middletonii, 
Py. minus, Py. multisporum, Py. parvum, Py. 
takayamanum, Py. terrestris,  
F (1) Py. cryptoirregulare, Py. cylindrosporum, Py. irregular 
F (2) Py. parocandrum 
F (3) Py. un-named species 
F (4) Py. mamillatum, Py. speculum 
F (5) Py. kunmingense, Py. spinosum 
F (6) Py. aff macrosporum, Py. macrosporum, Py. sylvaticum 
F (7) Py. abappressorium, Py. irregulare 
F (8) Py. irregulare 
F (9) Py. debaryanum, Py. viniferum 
G (3) Py. violae 
I (3) Py. un-named species 
I (4) Py. ultimum 
F (10) RHS sequences only 
F (11) Py. attrantheridium, Py. intermedium 
F (12) Py. un-named species 
J (2) 
Py. abappressorium, Py. acanthophoron, Py. 
campanuletum, Py. cystogenes, Py. nunn, Py. 
orthogonon, Py. perplexum 
K (1) Py. sindhum, Py. ostracodes, Py. boreale 
K (2) Py. mercuriale, Py. oedochilum 
K (3) Py. chamailhyphon, Py. helicoides 
K (4) Py. litorale, Py. montanum, Pysterilum 
K (5) Py. curcurbitacearum, Py. vexans 
K (6) RHS sequences only  
 Figure 6.2: Best Maximum Likelihood tree, using RAxML analysis of combined 
ITS1, 5.8S and ITS2 regions of the rRNA, from Genbank and RHS (current 
study) sequences. The numbers, and colour gradient of the branches, indicate 
the percentage bootstrap values (based on 200 bootstraps). Rooted using 
Clade K (Lévesque and de Cock, 2004). 
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Figure 6.3: Percent of Pythium sequences identified during Jan 2006 – Dec 
2009 separated into clades as defined by Lévesque and de Cock, 2004. 
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 6.3.4 Pythium species identified from data collected through this study 
 
The current study identified over 25 named species present in UK gardens 
and 9 putative new phylogenetic species. The total of 34 species should not 
be regarded as final since further investigation of species complexes may lead 
to the recognition of new species, or combine currently named species.  
 
Taxus, the genus with the highest number of enquiry records, was associated 
with over 17 named Pythium species and 3 putative new phylogenetic 
species. Rosa, the genus with the highest percentage records in the 
Rosaceae (Figure 6.1b), was associated with over 13 named Pythium 
species, and 2 putative new phylogenetic species. 
 
Pythium intermedium was the most ubiquitous species, found associated with 
70 host genera. Sixty-four plant genera yielded Py. attrantheridium 
sequences, following HBN or DEN, whilst Py. sylvaticum was identified from 
40 host plant genera.  
 
Although several monocots were put forward for testing (e.g. Miscanthus and 
bamboo), Pythium vanterpoolii, reported as a pathogen of grasses, was found 
through this study associated with 9 host genera, Callistemon, Corylus, 
Cupressus, Euonymus, Hedera, Prunus, Schizanthus, Taxus and 
xCuprocyparis, none of which are in the Poaceae or even monocots.  
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 Clades A, B, C, D, E, G, H, I, J & K - pink 
Py. intermedium complex (12) - blue 
Py. new species 1(69) - red 
Py. new species 2 (77) - green 
Py. attrantheridium complex (19) – orange 
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Py. attrantheridium complex (19) – orange 
Py. new species 3 (100) – purple 
Clade I: Py. ultimum (46) – yellow 
Py. spinosum (41) – burgundy 
Py. kunmingense (na) – light green 
Py. spinosum (41) – burgundy 
Py. paroecandrum (na) – light blue 
Py. irregulare (6) – mauve 
Py. cryptoirregulare-like (8) - pink 
Py. cryptoirregulare (14) – green 
Py. irregulare (6) – mauve 
Py. paroecandrum (94) – light blue 
Py. mamillatum (100) – dark green  
Py. spiculum (77) – blue 
Clade G: Py. violae (96) – green 
Py. macrosporum (1) – moss 
 Py. aff macrosporum (100) – yellow 
Py. macrosporum (1) – moss 
Py. sylvaticum (26) – purple 
Py. abappressorium (89) – pink 
Py. irregulare (100) – lavender 
Py. debaryanum (na) - lavander 
Py. viniferum (na) - lavander 
 
 
Figure 6.4: Best Maximum Likelihood tree, using RAxML, of the combined 
ITS1, 5.8S and ITS2 regions of the rRNA, from Genbank and RHS 
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sequences, rooted on Clade K, and all clades collapsed except Clade F 
(Lévesque and de Cock, 2004). Figures in brackets are percent support based 
on 200 bootstraps, where ‘na’ indicates a single sequence. 
 
The largest number of sequences recovered through this survey fall in the Py. 
intermedium/attrantheridium complex. Combining the sequences obtained 
through this study with all those deposited NCBI sequences, the Py. 
intermedium/attrantheridium complex is found to be the largest constituent of 
Clade F (Figure 6.4). Closer examination of the sequences within this 
complex, reveals a high variation among base pairs and also a significant 
number of indels (Table 6.2 a & b). The reference sequence commonly used 
for Py. intermedium, and originally from the phylogeny proposed by Lévesque 
and de Cock (2004), is represented by GI:51235501. The ITS sequence from 
the type specimen for Py. attrantheridium (Allain-Boulé et al., 2004), is 
GI:33591054. No RHS or NCBI sequences matched these reference 
sequences with 100% similarity, due to a single base difference observed in 
both sequences at 137bp (Tab 6.2 a).  
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A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P47418/08 Stem Hemp A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P52914/08 Stem Hemp A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P77538/09 Root Hemp A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:109675213 A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P107237-1/09 Root DNA A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:51235501 C G A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P59222-1/08 Soil DNA A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P58610/08 Root Hemp A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P51344/08 Root DNA A A A G C _ C A G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P74732-2/09 Soil DNA A A A G C _ C A A A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P87881/09 Root DNA A A A G C _ C A A A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P33018/07 Soil DNA A A A G C _ C A A A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P31487/17 Root Hemp A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P72093-4/08 Root Hemp A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P97715-1/09 Stem DNA A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P102309/09 Leaf DNA A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P88960-1/09 Root Hemp A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P97121/09 Stem Hemp A A A G C _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P108244/09 Root DNA C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C G C C G G A G C C G C G G G G C G G G G C G G C _
P107446/09 Root Hemp C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C G C C G G A G C C G C G G G G C G G G G C G G C _
P101022-3/09 Root Hemp C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C _ _ _ _ _ C G G A G C C G G C G G G G C G G G G C G G C _
P98876/09 Root Hemp C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C _ _ _ _ _ C G G A G C C G G C G G G G C G G G G C G G C _
P13315-3/07 Soil DNA C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C _ _ _ _ _ C G G A G C C G C G G G G C G G G G C G G C _
P105381/09 Root DNA C C _ _ _ _ G _ _ _ G G G G C G C G A C G C G G C _ _ _ _ _ C G G A G C C G C G G G G C G G G G C G G C _
P38099/07 Soil DNA C C _ _ _ _ G _ _ _ G G G G C G C G A C C G C G G C _ _ _ _ _ C C G G A G C C G G C C G C G G C G G G G C G G C _
P53593/08 Root Hemp C C _ _ _ _ G _ _ _ G G G G G C G C G A C G C G G C _ _ _ _ _ _ _ _ _ _ _ _ _ G C C G G C G G G G C G G G G C G G C _
P23144/07 Soil DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P92296/09 Soil DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P86434-1/09 Root Hemp C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:299764527 C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:237784554 C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P102309/09 Root Hemp C C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P74732-2/09 Root DNA G _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P99844-1/09 Soil DNA G G _ _ _ _ G _ _ _ _ C C C A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P107433/09 Soil DNA G _ _ _ _ G _ _ _ _ C C C A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P101611/09 Root Hemp C _ _ _ _ G _ _ _ _ C C C A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P46165/08 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P41863/08 Root Hemp C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P76590/09 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P19550/07 Soil DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P75941/09 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P106548/09 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P54788/08 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P93700/09 Root DNA C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P75463/09 Root Hemp C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:167860823 C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P99846/09 Root Hemp C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
GI:237784555 C _ _ _ _ G _ _ _ _ C G G A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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P77558/09 Root DNA _ A C G C G G C A G G C G C A C G A G C G G G G
P89981/09 Root Hemp _ A C G C G G C A G G C G C A C A A G C G G G G
P45783/08 Doil DNA _ A C G C G G C A G G C G C A C A A G C G G G G
GI:154762331 _ A C G C G G C A G G C G C A C A A G C G G G G
P48677-1/08 Root Hemp _ A C G C G G C A G G C G C A C A A G C G G G G
P86800-2/09 Root DNA _ A C G C G G C A G G C G C A A C A A G C G G G G
P101744/09 Soil DNA _ A C G C G G C A G G C G C A A C A A G T C G G G G
P110215-1/09 Root DNA _ A C G C G G C A G G C G C A A A A G C G G G G
P10881-1/07 Root DNA _ A C G C G G C A G G C G C A A A G C G G G G
P19736/07 Root DNA _ A T G C G C G G C A G G C G C A A A G C G G G G
GI:325053336 _ A C G G C G C G G C A G G C G C A C A A G C G G G G
GI:325048507 _ A C G G C G C G G C A G G C G C A C A A G C G G G G
GI:325048506 A C G C G G C A G G C G A C A A G G G G T G
P72095/08 Root Hemp A C G C G G C A G G C A T C G A G G G G C G
GI:325048491 _ A C G C G G C A G G C A G C G A C G A G C G
GI:325053345 _ A C G C G G C A G G C A G C G A C G A G C G
GI:396941036 _ A C G C G G C A G G C A G C G A C G A G C G
GI:325048492 _ A C G C G G C A G G C A G C G A C G A G C G
GI:325053346 _ A C G C C A G G C A G C G A C G A G C G
GI:325053607 T A G C G C T C A G G C A G T C G A C T G G G G
GI:154762343 C G C C A G G C A G C A A G G G G T G
GI:325048498 A C G C C A G G C A G C G A C G G G C G
GI:325053349 A C G C C A G G C A G C G A C G G G C G
GI:325048497 A C G C C A G G C A G C G A C T G G G G
GI:325053612 _ A C G C G G C A G G C A T G C A G C A G G A C
GI:325053344 _ A C G C G G C A G G C A A G C A G C A G G A C
GI:325048490 _ A C G C C A G G C A A G C A G C A G G A C
GI:154762341 _ A C A C C A G G C A A G C A G C A G G A C
GI:154762357 _ A C A C C A G G C A A G C A G C A G G A C
GI:154762351 _ A C A C C A G G C A A G C A G C A G G A C
GI:325053608 _ A C G C C A G G C A A G C A G C A G G A C
GI:325053348 _ A C G C C A G G C A G C A G C A G G A C
GI:325048494 _ A T G C G C C A G G C A G C A G C A G G A C
GI:325053615 _ A G G C G C C A G G C A G C A G C A G G A C
GI:325053614 _ A G G C G C C A G G C A T G C A G C A G G A C
GI:325053609 _ A C G C C A G G C A A G C A G C A G G A C
GI:325053606 _ A C G C C A G G C A A G C A G C A G G A C
GI:292680200 _ A C G C G G C A G G C A T T C A G C T G G A C
GI:33591054 _ A C G C G G C A G G C G C A C A A G C G G G G
P100708/09 Soil DNA _ A C G C G G C A G G C G C A C A A G C G G G G
P69978/08 Root DNA _ A C G C G G C A G G C G C A C A A G C G G G G
P54466-1/08 Root DNA _ A C G C G G C A G G C G C A T T C A A G C G G G G
P86387-3/09 Soil DNA _ A C G C G G C A G G C G C A T C A A G C G G G G
GI:154762345 _ A C G C G G C A G G C G C A C A A G C G G G G
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P103138-3/09 Leaf Hemp _ A G C G G G G G C G C G A T C G G G G
GI:292680182 _ C G T G C A _ G G G G G T _ _ _ _ _ A T C
GI:86212157 _ C G G C A _ _ G G C G G T _ _ _ _ _ A G
GI:119444375 _ G G C G G C A _ _ _ G G C G G C _ _ _ _ _ A C
T T T C T T G T T C A T T T T T C T A T T T T G T T T
T C T G G G T T T T T T _ _ _ _ _ T T T T T T T C
T T T G G C T T T T T T T _ _ _ _ T T T T T T T G C
T T T T T T T T T T T T T T T T T T T T T T T
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Table 6.2: Polymorphic nucleotides from aligned sequences of the ITS region 
showing variations among the Pythium intermedium/attrantheridium complex 
using representative isolates. A) polymorphisms from 1bp - 278bp, B) 
polymorphisms from 281bp – 1030bp. Basepairs colour coded with A=green, C=blue, 
T=red, G=black and – (deletion)= white. 
 
6.3.5 Analysis of the growth rates 
 
The growth rates of the cultures of Pythium recovered via hemp baiting were 
tested on CMA at seven different temperatures. The temperature-growth data 
were collected for the entire hemp derived culture collection. Analysis of the 
temperature-growth data did not fit currently published non-linear models of 
poikilotherm development (e.g. Davidson et al., 2003; Schoolfield et al., 1981), 
so those discussed are being presented as singles points.Variation in the 
growth rates was observed amongst cultures whose ITS sequences matched 
100%. Figure 6.5, shows four different growth-temperature relationships 
observed for Pythium dissimile cultures which were identical based on the ITS 
sequences results. 
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Figure 6.5: Effect of temperature on radial growth rate of 6 isolates of Py. 
dissimile grown on CMA. Four different colours, Dark blue, light blue, purple 
and red, highlight the four different growth-temperature relationships. 
 
Figure 6.5 reveals that the optimum temperature for growth was 20-25oC for 
all isolates but radial growth ranged from 12.5 mm/day to 35 mm/day. At 5oC, 
all isolates grew at rates ranging from 2.8 mm/day to 8.8 mm/day, and at 35oC 
all but two isolates grew at rates ranging from 0.1 mm/day to 9.8 mm/day. 
 
Growth rates of the isolates containing the 61bp insertion, starting at 217bp, 
detected for one of the putative new Pythium species (Pythium new species 1) 
within the Pythium intermedium complex could not differentiate this Pythium 
new species 1 from Py. intermedium.  
 
Similarly, the growth rates could not separate Pythium new species 2, which 
has a 16bp deletion starting at 621bp, from the Pythium intermedium complex 
(Table 6.2b). Growth rates alone do not appear to support the putative taxa 
indicated by the molecular data. 
 
6.4 Discussion 
 
6.4.1 Hemp baiting as a detection method for Phytophthora and Pythium 
 
Published statistical methods for comparing different detection methods make 
the assumption that one of the methods is 100% accurate so can be used as 
the benchmark for any new test (McDonald et al., 1999; Lane et al., 2007). 
Improved molecular detection of DNA fragments from in planta samples has 
increased detection, and in several cases identification, where isolation would 
not be possible. Of the directly comparable results for both HBN and DEN, all 
variations in the chi-squared test do not suggest any correlation between the 
two detection methods and accept the null hypothesis. This means that the 
genera detected through one method do not closely relate to those from the 
other method. One possible reason for this discrepancy may be that each 
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symptomatic plant tested has more than a single oomycete present, and each 
detection method has a bias to certain cultural or molecular characteristics. 
 
The isolation of cultures via hemp baiting appears to yield results more in line 
with those observed with the nested PCR than those retrieved by apple 
baiting (Chapter 3, Table 3.4 a, b & c). It is possible to compare apple baiting 
(AB) and HBN indirectly, using the DEN method as a constant. The false 
negatives (DEN Phytophthora and HBN Pythium or negative, n = 116) of the 
HBN for the roots was 81%, showing high similarity to the false negatives for 
apple baiting from root samples which was 85% (n = 278). The false 
negatives of the DEN (HBN Phytophthora and DEN Pythium or test negative, 
n = 60) method for the roots was 63%, which differs significantly from the 
apple baiting which was 29% (n = 55). This indicates that both the baiting 
methods were missing a similar percent of Phytophthora from the samples 
tested, but the HBN method was superior at isolating Phytophthora species 
from samples, missed by the DEN, compared to AB.  
 
6.4.2 Range of hosts associated with Pythium spp.  
 
The range of host plants where Pythium species were isolated are those 
normally reported associated with Phytophthora infections. The apple baiting 
followed by molecular analysis and DEN were both intended to improve 
detection of Phytophthora but Pythium was also present in many cases. Hemp 
seed baiting was set up to isolate and investigate the potential pathogenicity 
of Pythium species to plants, which is discussed further in Chapters 7 and 8. 
Taxaceae, Rosaceae, and Ericaceae were in the top five host families 
associated with Pythium that were also in the top five associated with 
Phytophthora (Chapter 4). Pythium was also recorded frequently from the 
Papilionaceae and Cupressaceae, in contrast to Phytophthora infections 
where they were replaced by Buxaceae and Adoxaceae.  
 
There are few records published describing Phytophthora as a pathogen of 
Cupressus, but roots with typical Phytophthora lesions and staining, in the 
absence of fungal growth beneath the bark indicative of an Armillaria infection, 
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are often observed in the diagnostic clinic linked with plant dieback. The 
occurrence of Cupressaceae among the top five families associated with 
Pythium, warrants further pathogenicity trials to examine the extent to which 
Pythium might cause dieback and to ascertain the conditions favouring 
infection. 
 
6.4.3 Discussion of the phylogenetic analysis based on the sequences 
recovered through DEN and HBN 
 
This is the first study to use the elision method on the ITS region for the genus 
Pythium. Following a similar protocol to the Phytophthora survey, repeated 
Clustal analyses adjusting the gap opening (GO) and gap extension (GE) 
penalties, whilst keeping all other programme variables as default was 
performed (Quicke et al., 2009). 
 
The elision method is particularly appropriate for use with the genus Pythium 
as there are many insertions and deletions within the ITS region. Lévesque 
and de Cock (2004) record variation in the length of the ITS region, including 
the 5.8S gene, ranging from 750bp to 1050bp and their final alignment length 
was 1,664bp. Amending the sequence alignments manually before further 
analysis, can change the associations and resolutions of the resulting tree. 
 
Maximum likelihood analysis of the elided data reveals robust relationships 
within Pythium, and Figure 6.2 shows that only the Clades D, H and K, 
identified by Lévesque and de Cock (2004), are monophyletic. Where clades 
have split they are being referred to as subclades with a numbering system 
(Figure 6.2). Using this method, Clades A, B, C, E, F, G, I and J, were found 
either to split between separate branches or to have other subclades nested 
within them.  
 
Lévesque and de Cock (2004) discussed the then currently available 
sequences on the NCBI database and highlighted those that would require 
further clarification and identification. Since their study, many more sequences 
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have been added to NCBI and subsequently identification has become an 
ongoing problem. 
 
6.4.4 Discussion of phylogenetic results 
 
No Phytophthora sequences were included in the analysis, so could not be 
used for rooting the trees. All trees presented in this study have been rooted 
with Clade K (syn. Phytopythium) being basal. When the phylogeny of 
Pythium was undertaken by Lévesque and de Cock (2004), several 
Phytophthora species were included and found to be in the basal position in 
their trees. This defined the arrangement of the clades set out by Lévesque 
and de Cock (2004) with Clade K closest to Phytophthora and Clade A 
furthest away. Subsequent phylogenetic work to examine the Oomycetes has 
been undertaken on various regions to identify the relative positions of 
Pythium, Peronospora, Phytophthora and Saprolegnia, amongst others. 
These have shown that rather than Phytophthora being basal to Pythium, the 
reverse is observed (Robideau et al., 2011; Uzuhashi et al., 2010). This study 
rooted the trees using Clade K, to create a similar tree design as that created 
by Lévesque and de Cock (2004), but, the split observed within Clade A made 
it more difficult to root using this clade. 
 
The elision method reveals robust groupings by strengthening repeated 
associations whilst weak associations are down weighted at the same time. 
This can help with analysis of sequences where lengths vary due to indels. A 
drawback of this method is the sometimes strong association that the elision 
method puts on sequence length. Subclade B(1), labelled as mixed species 
(Figure 6.2) is an example of the influence of sequence length, and contains 
sequences consisting of only the ITS 1 region or the whole 18S region 
included with the ITS 1 and 2 regions. Although Clade B(1) clusters within 
Clade B, sequences of similar length (either longer or shorter) grouped in this 
clade rather than grouping with their actual species, based on sequence 
similarity. Subclade B(1) included Py. dissotocum (GI:295844355 and 
GI:51235488), Py. pachycaule var. ramificatum (GI:6540594), Py. aquatile 
(GI:51235486), Py. apleroticum (GI:51235485), Py. coloratum (GI:51235487), 
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Py. pyrilobum (GI:51235490), Py. inflatum (GI:51235480), Py. angustatum 
(GI:51235477), Py. torulosum (GI:51235478), Py. graminicola (GI:51235479), 
Py. capillosum (GI:51235489), Pythium sp. F-1476 (GI:110671814) and 
Pythium sp. SHT-2010a (GI:283553099). Insertion of the ambiguous base pair 
code ‘N’ onto the ends of sequences is only for the purpose of aiding cluster 
alignments but the ML analysis will still show bias based on the sequence 
length. The differences in these sequence lengths are atypical. 
 
Uzuhashi et al. (2010) recently separated Pythium sensu lato into five clades 
(Clade 1-5), and proposed raising each of them to genus level. Along with 
Pythium sensu stricto (Clade 3), the additional four genera described by 
Uzuhashi et al. (2010) were, Ovatisporangium (Clade 1), Pilasporangium 
(Clade 2), Globisporangium (Clade 4) and Elongisporangium (Clade 5). The 
phylogenies were based on the LSU rDNA D1/D2 region and coxII, so no 
direct sequence comparison can be made with the ITS phylogeny carried out 
in this study. Re-rooting Figure 6.2, to match Uzuhashi et al., (2010) revealed 
that their Clade 1 (Clade K), Clade 2 (subclade J(2)), Clade 3 (Clade A, B, C, 
& D), Clade 4, (E, F, G, I & J) and Clade 5 (Clade H) did have a basis for 
grouping based on the ITS region (data not shown). Using the elision method 
on the ITS region, Clade 1 was placed within Clade 4, rather than next to 
Clade 2 as shown by Uzuhashi et al. (2010). This current study only included 
Pythium (and Phytopythium) sequences, whilst Uzuhashi et al. (2010) had 
sequences from other Oomycetes which might explain the change in relative 
position of the clades.  
 
Clade A 
No RHS sequences fit with the six species assigned to Clade A by Lévesque 
and de Cock, (2004). Also this study did not find Clade A forming a 
monophyletic group, having Clade A(1) placed within Clade B, whilst Clade 
A(2) placed at the root of Clade B (Figure 6.2). This division of Clade A into 
two well supported clusters was based on the ITS region and the D1 to D3 
region of the nuclear large ribosomal subunit (Lévesque and de Cock, 2004) 
and in the COI region (Robideau et al., 2011), but both studies still report this 
clade as monophyletic. The re-evaluation of Pythium by Uzuhashi et al. (2010) 
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did not include many representatives used by Lévesque and de Cock (2004) 
in Clade A, but those included did form a monophyletic group based on the 
combined analysis of the LSU D1/D2 region of rDNA, coxII gene and ITS 
region.  
 
Pythium monospermum is the type species for the genus Pythium established 
by Pringsheim. All Py. monospermum isolates deposited in the NCBI 
database, fell into Clade A(1), Figure 6.2. Spies et al. (2011) identified a 
putative new species from South Africa and labelled it as Pythium aff. 
monospermum based on sequence similarity to those published in online 
databases. This single sequence did not group in subclade A(1) as might be 
expected, but sat alone, basal to both Clades A and B, thus supporting a 
putative new species clearly distinct from Py. monospermum.  
 
Clade B 
Clade B was the largest clade established by Lévesque and de Cock (2004), 
which was further divided into 6 separates groups, subclades B1a – B1e and 
subclade B2. Only one of these subclades was found to be monophyletic 
following use of the elision method, namely subclade 1b, containing Py. 
salpingophorum, Py. conidiophorum and Py. tracheiphilum, equivalent to 
Clade B(14), Figure 6.2. Clade B(14) had strong bootstrap support, 89%, 
which concurs with other studies (McLeod et al., 2009).  
 
Pythium contiguanum (syn. Pythium dreschleri Paul) was commented on by 
Lévesque and de Cock (2004) with regards to the similarity of its ITS region 
with Py. dissimile, but these two species were not directly compared 
morphologically or via molecular analysis. Based on the sequences available 
on NCBI, there are two mutations and one indel which differentiate Py. 
dissimile from Py. contiguanum. The isolates detected through this study that 
grouped with these two species, were all found to match most closely with Py. 
dissimile, sharing the 2 mutations and indel for this species. Three of the 
species isolated through the survey appear to have a single deletion at 835bp, 
when compared to Py. dissimile and Py. contiguanum, and may therefore 
represent a putative new species. 
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 The growth-temperature characteristics of the isolates that have identical ITS 
sequences to Py. dissimile vary significantly (Figure 6.5). Paul (2000), 
published the radial growth rate of Py. contiguanum as 10.1mm/day at 25oC 
on potato carrot agar (PCA). With no clear reference growth rate data for Py. 
dissimile or Py. contiguanum on CMA, comparison is difficult. All RHS isolates 
with identical sequences were found to have growth rates greater than 
20mm/day at 25oC on CMA, Figure 6.5, although not identical. As differing 
growth rates were observed with the RHS isolates, they may represent 
variation within a single species or separate Pythium species with an identical 
ITS region. Clarity may be achieved by examining several different DNA 
regions of the RHS isolates. This may be a similar problem to that of 
differentiating Py. regulare from Py. cylindrosporum (Matsumoto et al., 2000).  
 
Variation of the temperature - growth characteristic was observed between 
Py. attrantheridium isolates with the same ITS sequence. In this instance, 
variation correlated with mating type, with + isolates tolerating higher 
temperatures albeit with a lower growth rate (Allain-Boulé et al., 2004). 
 
One common lawn grass-pathogenic Pythium species, Pythium vanterpoolii, 
was found associated with 9 host genera although none was a member of the 
Poaceae. Only McLeod et al. (2009) has recorded Py. vanterpoolii from a 
woody host, namely Vitis, in South Africa. This species may be a pathogen of 
other plant genera but tends to be overlooked due to its strong association 
with Poaceae. Pythium vanterpoolii might have a lifestyle similar to that 
suggested for Py. attrantheridium, which on wheat is asymptomatic whilst on 
carrots is pathogenic causing cavity spot (Allain-Boulé et al., 2004). All hosts 
associated with this species from the current survey had symptoms consistent 
with a root or stem rot, possibly suggesting Py. vanterpoolii can act as a more 
generalist pathogen. Determining the pathogenicity of isolates recovered 
through this study, towards hosts within both Poaceae and non-Poaceae 
families, may help reveal more about the lifecycle of Py. vanterpoolii.  
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Clade C 
Clade C consists of only two species, Pythium insidiosum and Pythium 
grandisporangium. Lévesque and de Cock (2004) described Py. insidiosum as 
a pathogen of mammals and Py. grandisporangium as only being isolated 
from substrates in marine environments. However, sequences labelled as Py. 
grandisporangium formed two separate groups, with sequences identified in 
this study restricted to subclade C(3), Figure 6.2. Lévesque and de Cock 
(2004) noted that a single Py. grandisporangium sequence (GI:27448080) 
showed less than 70% sequence homology with the ex-type, without 
commenting any further. All RHS sequences cluster with GI:27448080, and 
appear to represent a grouping associated with terrestrial plants. GI:27448080 
is from an infected juniper whilst RHS sequences were from Acer, Buxus, 
Heliopsis and Rosa. Subclade C(3) indicates a putative new phylogenetic 
species but research is necessary to see if separation can be justified on any 
morphological characteristic.  
 
Clade D 
Pythium acanthicum, Pythium oligandrum and Pythium periplocum as well as 
being plant pathogens are also mycoparasites (Lévesque and de Cock, 2004). 
All three species were detected through this survey and their role as plant 
pathogens in UK gardens is unclear. Although Py. oligandrum is recorded as 
a weak plant pathogen, it has become useful as a biocontrol agent of other 
more serious plant pathogens (Madsen et al., 1995). Pythium oligandrum is 
seen, in vitro, to cause differing symptoms depending on the host involved. 
Fusarium culmorum hyphae become highly vacuolated and coagulated 
(Mulligan and Deacon, 1992), whilst Botrytis cinerea hyphae, on coming into 
contact with Py. oligandrum, lyse and expel the protoplasm (Laing and 
Deacon, 1991). 
 
Pythium oligandrum has also been shown to induce resistance-related genes 
in plants by the production of the protein oligandrin (Picard et al., 2000; Lou et 
al., 2011). Additionally, this Pythium species can influence plant growth and 
development through the production of tryptamine, which is a precursor of the 
phytohormone IAA (Winter, 1966; Le Floch et al., 2003). Further investigation 
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into the role of mycoparasitic Pythium species in UK gardens is necessary. 
They have the potential to be plant pathogens, possibly contributing to root rot 
symptoms. However, as mycoparasites, their role may lie in attacking the 
primary pathogen causing the root rot, while their ability to induce plant 
defence responses and stimulate growth may mean they also have a role in 
fending off attack. Unravelling their mode of action under different 
circumstances means uncertainty currently surrounds their exact involvement 
when found associated with dying plants. 
 
Clade E 
Pythium echinulatum was identified associated with a stem lesion on a rose. 
Found worldwide and predominantly isolated from soil (Johnson, 1971; 
Milanez, 1978; Vaartaja, 1967), this species has been found in association 
with several plants including Citrus sinensis, Daucus carota var. sativa, 
Eucalyptus, Malus, Pinus, Pyrus and Vitis (Farr et al., 2013). Of the plants 
associated with Py. echinulatum, limited investigations of its pathogenicity 
have been carried out but experiments have shown it to be very pathogenic 
towards strawberry plants (Watanabe, 1997) and conifer seedlings (Vaartaja, 
1967). This is the first record of Py. echinulatum from a symptomatic rose 
plant. Using the culture, isolated through hemp seed baiting, it will be 
informative to examine its pathogenicity towards Rosa. 
 
The current study detected both Pythium rostratifingens and Pythium 
rostratum, which are described by de Cock and Lévesque (2004), as 
phylogenetically similar. These two species grouped together with 70% 
bootstrap support and were separated from the rest of Clade E species, into 
subclade E(1), Figure 6.2. Robideau et al., (2011) also demonstrated a strong 
genetic association between Py. rostratum and Py. rostratifingens and in their 
study both were separated from the other Clade E species based on the ITS 
region.  
 
Clade F 
This clade constituted the largest grouping in this study, with more than half of 
the sequences identified clustered in Clade F (Figure 6.3). Clade F does not 
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contain the largest overall number of named Pythium species, but does 
contain some important ubiquitous species, including Py. intermedium, Py. 
irregulare and Py. sylvaticum.  
 
Pythium intermedium is fast growing and behaves as a typical soil inhabitant 
(van der Plaats-Niterink, 1981). Originally isolated from dead plant material, it 
has subsequently been shown to be pathogenic to many plants, although 
infection assays with some hosts were not successful (van der Plaats-Niterink, 
1981). Pythium sylvaticum was originally isolated from soil but is a known 
plant pathogen, with infection showing reduced growth of many seedlings 
(Blok, 1970). It can also produce phytotoxins which could cause similar effects 
(van der Plaats-Niterink, 1981). Pythium attrantheridium (Allain-Boulé et al., 
2004) is relatively recently described compared to Py. intermedium de Bary 
(1881), and Py. sylvaticum Campbell & Hendrix (1967). Whilst genetically 
similar to Py. intermedium, Py. attrantheridium has now been separated into a 
distinct species based on consistent base differences in the ITS region and in 
the production of zoospores, not recorded for Py. intermedium. Pythium 
attrantheridium is widely distributed in Canada and the USA, and was isolated 
from cavity spot lesion on carrots and also from apple and cherry seedlings 
(Allain-Boulé et al., 2004). This study is the first to identify Py. attrantheridium 
in the UK. The high detection rates may suggest this species is either native 
to the UK or has been established here for a long time.  
 
The lifecycle of Py. attrantheridium is similar to Py. intermedium except that 
zoospores are produced. Judelson and Blanco (2003) describe zoospores as 
the primary mode of infection for Phytophthora species and if similar for 
Pythium, Py. attrantheridium could be potentially more pathogenic than Py. 
intermedium. Pathogenicity trials using Py. attrantheridium and Py. 
intermedium have investigated the extent to which they can cause root rot 
(Chapter 7) and foliar blight (Chapter 8).  
 
Pythium intermedium appears to be a species complex from which Py. 
attrantheridium was separated (Allain-Boulé et al., 2004). The best ML tree 
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provided the Py. intermedium complex with 70% bootstrap support and 
formed the subclade F(11) in Figure 6.2. The Py. intermedium complex splits 
into 4 major groups, one containing Py. intermedium sensu stricto (G1), one 
containing Py. attrantheridium sensu stricto (G2), and two new species, 
Pythium new species 1 (G3) and Pythium new species 2 (G4) (Figure 6.4).  
 
Design of species-specific primers enables rapid detection of important 
pathogens or the detection of species of interest from environmental samples, 
such as soils, for surveys. Species-specific primers for the detection of Py. 
intermedium have been developed for studying its role in forest and 
agricultural soils (Li et al., 2010). Forward primer (Pf002) lies over the indel 
region starting at 217bp and was designed to detect Py. intermedium but 
would have detected all species in the Py. intermedium/attrantheridium 
complex except G(3) and G(4). The newly designed reverse primer (Pr002b) 
would again potentially cause a positive result from all sequences in this 
complex, apart from a few sequences with a couple of single base changes.  
 
The primers designed by Li et al. (2010) could help improve our 
understanding of Pythium populations in soils. However, whilst use of species-
specific primers enables rapid detection of organisms from environmental 
samples reliance on them may lead to misleading assumptions regarding true 
diversity if not used with caution. Growth rates of cultures included in this 
complex and direct comparison of pathogenicity with Py. intermedium and Py. 
attrantheridium (Chapter 7 & 8) shows there are considerable phenotypic 
differences between these phylogenetically related species. The remaining 
diversity suggests that further species may be segregated out based on 
additional morphological, cultural and pathogenic differences  
 
Pythium abappressorium was placed by Lévesque and de Cock (2004) and by 
Robideau et al., (2011) in Clade F. A single sequence labelled as Py. 
abappressorium (GI:282935929) did not group with those used in previous 
publications and sits in this current study in Clade J(2), alongside Py. nunn 
and Py. orthogonon. Sequence GI:282935929 has no publication record and 
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with further study it may prove to be a species other than Py. abappressorium, 
likely Py. nunn, Py. orthogonon or perhaps an entirely new species.  
 
A sequence (P2587/2007 Root, Salvia) that came close to Py. 
abappressorium in this study, matched exactly with an undescribed species 
labelled as Pythium sp. CAL-2011f in NCBI as published by Robideau et al. 
(2011). This is likely to be a new species but, as the sequence was from an 
environmental sample and not isolated through baiting, follow-up studies are 
not possible at this stage. 
  
Subclade F (5), Fig, 6.2, consisted only of sequences from NCBI labelled as 
Py. spinosum, Py. kunmingense or several undescribed Pythium species. No 
sequences derived through this survey clustered in this group, which has 41% 
bootstrap support, but several undescribed species from NCBI are present. 
GI:51235555 was the sequence used by Lévesque and de Cock (2004) to 
represent Py. spinosum and only one sequence (GI:145559571) matched it 
exactly. No exact sequence matches were found with sequence GI:51235554, 
used by Lévesque and de Cock (2002) to represent Py. kunmingense. There 
appear to be several sequences with numerous base changes included in 
subclade F(5) suggesting there are other putative new species, which require 
further separation. There were also many sequences which included 
ambiguous bases in this subclade, from which it might be inferred that 
hybridization between Py. spinosum or Py. kunmingense has occurred with 
other species. 
 
Pythium irregulare was described in 1927, and has a wide host and 
geographical range (van der Plaats-Niterink, 1981). The phenotypic 
characteristics described for Py. irregulare are highly variable (Matsumoto et 
al., 2000, Garzon et al., 2007). Matsumoto et al., (2000) undertook a study of 
Py. irregulare and split their isolates into 4 groups, designated GI – GIV. 
Three of the four groups were detected during this study, GI, GII and GIV, 
although GI predominated. There is much debate over the status of Py. 
irregulare and the subsequent divisions into new species (Matsumoto et al., 
2000; Spies et al., 2011). The highly variable morphology and differing 
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molecular groups observed suggest that Py. irregulare is a species complex. 
Matsumoto et al., (2000) suggested that this complex could contain molecular 
species, with similar morphologies, and morphological species, with similar 
DNA sequences, rather than a single morphological and genetically variable 
species. Garzon et al. (2007), based on both molecular and average 
morphological measurements, decided there was evidence to separate out 
Py. cryptoirregulare from Py. irregulare. Subsequently, Py. cylindrosporum 
(Paul, 1992) and Py. regulare (Mashi and Paul, 2003) have also been 
separated out from the Pythium irregulare complex. 
 
Figure 6.4 shows the best ML tree collapsed, with only sequences of Clade F 
species being left as individuals. Pythium cryptoirregulare, based on the 
sequence from the ex-type (AY907893), formed a cluster within Py. irregulare 
and included sequences labelled as Py. irregulare and Py. cryptoirregulare. 
An additional grouping was observed, labelled Py. cryptoirregulare-like in 
Figure 6.4, which contained sequences labelled as Py. cryptoirregulare, Py. 
regulare, Py. cylindrosporum and Py. irregulare. Sexual outcrossing of Py. 
irregulare has been observed (Harvey et al., 2000; Harvey et al., 2001) and 
hybridization between Py. irregulare and Py. cryptoirregulare has been 
suggested as an explanation of diversity within this complex (Lee and 
Moorman, 2008). This interbreeding could result in an unclear identification 
based on the ITS region and explain the Py. cryptoirregulare-like grouping 
observed in Figure 6.4.  
 
Sequences deposited into the NCBI online database are not always published 
and untangling potentially erroneous naming can be difficult. But within the Py. 
irregulare complex, 86% of the NCBI sequences used in this study have been 
published, suggesting that clear groupings based on species nomenclature 
should be achievable with few outliers. This was not observed and work by 
Spies et al. (2011), following cloning of the ITS region, revealed multiple 
different ITS sequences being produced from single cultures. The differences 
between clones of the same isolates were described as intra-individual ITS 
polymorphisms and suggested could arise from incomplete concerted 
evolution, heterokaryosis or hybridisation (Spies et al., 2011). Spies et al. 
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speculate, in their study of Py. irregulare isolates from grapevines, that the 
genetics of this species is highly variable and so did not support the Py. 
cryptoirregulare spilt. They also went further to suggest that Py. irregulare, Py. 
cryptoirregulare, Py. cylindrosporum, and possibly Py. regulare should all be 
synonymised under the name Py. irregulare (Spies et al., 2011).  
 
It is clear that the Py. irregulare complex cannot be easily resolved and the 
RHS sequences that fall within this complex and the phylogenetic 
methodology used in this study do not clearly support splitting this complex. 
Pythium cryptoirregulare, Py. regulare and Py. cylindrosporum sequences all 
clearly intermix with those of Py. irregulare. It may be that Py. irregulare is 
able to form stable hybrids and that this is an example of early stage 
speciation. 
 
Clade G 
The phylogenetic position of Pythium violae is ambiguous due to 
morphologically similar isolates not forming a monophyletic group (Lévesque 
and de Cock, 2004). The elision method placed sequences labelled as Py. 
violae in three separate locations in the phylogeny, subclades G(1), G(2) and 
G(3). Subclade G(1) included sequence GI:5235569, isolated from Daucus 
carota, used by Lévesque and de Cock (2004) and included an RHS 
sequence detected from foliage samples of a Crocus. Subclade G(1) formed a 
well-supported group (100% bootstrap) from the rest of Clade G species.  
 
Subclade G(2) included sequence GI:51235560 isolated from soil and 
included all remaining Clade G species, but no RHS sequences fell in this 
subclade. Sequence GI:51235560 fell closest to the sequences labelled 
Pythium aff. canariense OW1707 and additionally grouped with Py. iwayamai 
and Py. paddicum, known cereal pathogens. Pythium violae is recorded as 
causing cavity spot of carrots. Allain-Boulé et al. (2004), comment that Py. 
attrantheridium can cause cavity spot of carrots but is asymptomatic in 
cereals. Sequence GI:51235560 may be a cereal pathogen morphologically 
similar to the sequence GI:51235569, one of the several known Pythium 
species which cause cavity spot of carrots.  
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 Subclade G(3), included sequence GI:51235571 (labelled as Brevilegnia 
macrospora) and an RHS sequence isolated from Salvia roots. Sequence 
GI:51235571 was isolated from Viola and was proposed by Leveque and de 
Cock (2004) as a better candidate for Py. violae, as the other Py. violae-
labelled sequences they studied were not isolated from Viola. Lévesque and 
de Cock (2004) placed subclade G(3) near Clade F and this result was 
supported by the elision method (Figure 6.2). Further work is required to 
clarify the status of Py. violae as this morphological species separates into 
three phylogenetic positions. Results using the elision method perhaps 
indicate that Py. violae sensu stricto should be placed in Clade F, with 
sequence GI:51235571, whilst two putative new species should be 
established, the first to encompass the Py. violae isolates associated with 
carrots and Crocus, and the second covering the Py. violae isolates close to 
Pythium aff. canariense.  
 
Clade H 
Clade H is one of the smallest clusters, consisting of six named species 
(Robideau et al., 2011). This study identified Pythium anandrum in UK 
gardens associated with Abies, Juniperus, Photinia and Prunus laurocerasus. 
Davidson and Bumbieris (1972) found Py. anandrum as the predominant 
Pythium species in pine plantations. Until recently pathogenicity of Py. 
anandrum had only been demonstrated on cucumber fruit and seedlings and it 
was mildly pathogenic to tomato seedlings (van der Plaats-Niterink, 1981). In 
2013, Akilli et al. described Py. anandrum from declining oaks in Turkey, and 
stem base inoculation caused longer canker lesions than the other 
Phytophthora and Pythium species tested. There is thus a suggested 
involvement of Py. anandrum with Oak Decline in Turkey (Akilli et al., 2013). 
The implications of the work carried out by these authors, mean that the Py. 
anandrum may be the primary, or at least a contributory, pathogen towards 
the symptoms observed on dying mature plants in UK gardens. Further 
pathogenicity testing is required to establish if the results recorded by these 
authors on oaks extends also to the hosts found during this study, namely 
Abies, Juniperus, Photinia and Prunus laurocerasus. 
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 Clade I 
Lévesque and de Cock (2004) described Clade I but highlighted no obvious 
common morphological characters. Using the elision method, Clade I 
separated into 4 groups, labelled here as subclades I(1), I(2), I(3) and I(4), 
Figure 6.2. Re-evaluation of the sequences included in the alignments 
revealed that subclade I(3) and I(4) constituted sequences that only partially 
covered the ITS region and also included the 18S rRNA gene, and as such 
should have been excluded. However, a similar inclusion of erroneous 
sequences also occurred with subclade B(1), but in that case the sequences 
still grouped closely with the rest of the Clade B species. It is perhaps 
intriguing that the erroneous Clade I(3) and I(4) sequences fell close to Clade 
F rather than their correct clade. 
 
The current study identified two defined groups, labelled as subclade I(1) and 
I(2) (Figure 6.2), which supports the findings of Robideau et al. (2011). Within 
subclade I(1), as well as the groups supporting the described species Py. 
heterothallicum and Py. glomeratum, a putative new species, labelled Py. aff 
heterothallicum separated into a distinct cluster. All three species identified in 
subclade I(1) were detected from UK gardens during this current study. 
 
Within subclade I(2) three groups were formed with high bootstrap support 
separating Py. splendens (50%), Py. ultimum var. ultimum (84%) and Py. 
ultimum var. sporangiiferum (100%). Both, Py. splendens and Py. ultimum var 
ultimum were detected through this study and are well known plant 
pathogens. Pythium splendens is associated with over 300 host-pathogen 
records whilst Py. ultimum has over 700 records (Farr et al., 2013). The 
identification of these Pythium species from symptomatic plants, offers the 
clearest evidence that they are the primary pathogen involved with the 
dieback observed.  
 
Clade J 
The phylogeny of Pythium by Lévesque and de Cock (2004), based on the 
ITS region, outlined the current clade system of A – K. Each of these 
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alignments was distinctly clustered, particularly Clade J. On the other hand 
the current study found that Clade J did not appear to be monophyletic, with 
species Py. buismeniae, Py. polymastum, Py. uniculatum and Py. 
mastophorum, grouping close to Clade H and I. On the other hand Pythium 
species, Py. abappressorium, Py. acanthophoron, Py. campanulatum, Py. 
cystogenes, Py. nunn, Py. orthogonon and Py. perplexum from Clade J most 
closely group with Clade K and Clade F. Robideau et al. (2011), also 
observed a split in Clade J, following analysis of the ITS region from Pythium, 
Phytophthora and related Oomycetes, but this observation was not raised in 
their discussion. This split described by Robideau et al. (2011), was not 
observed when sequences of the cytochrome c oxidase subunit I (COI) or the 
D1-D3 region of nuclear large subunit (LSU) regions were analysed. Clade J 
is, therefore, a poorly supported clade based on analysis of the ITS region 
and may be better served here to be informally described as Clade J(1) and 
Clade J(2).  
 
Uzuhashi et al. (2010) felt that Pythium apinafurcum (syn. Pilasporangium 
apinafurcum) separated sufficiently from all other Pythium species to be 
placed into its own clade (Clade 2) and they defined it as the only species 
within the new genus Pilasporangium. Elision analysis of the ITS sequences 
available from NCBI database, placed of Py. apinafurcum within subclade J(1) 
along with Py. buismaniae, Py. polmastum, Py. uniculatum, Py. jasmonium, 
Py. mastophorum and Py. megalacanthum, and the grouping had strong 
bootstrap support (88%). Robideau et al. (2011) did not include Py. 
apinafurcum in their phylogeny, but all aforementioned species that clustered 
in subclade J(1) following the elision method of analysis matched their Clade J 
designation, supporting this result. The rest of subclade J(1), including the 
undescribed species Pythium sp. UZ252, were re-designated by Uzuhashi et 
al. (2010) as Globisporangium species. As the elision method highlights 
robust groups, the creation of Clade 2 (Uzuhashi et al., 2010) containing only 
Py. apinafurcum, is not supported by the current study.  
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Clade K 
Phytophthora and Pythium can be distinguished on several morphological 
characters, such as the mode of zoospore development within and release 
from the sporangium (Erwin and Ribeiro, 1996). Some Pythium species, 
though, have characteristics considered Phytophthora-like, such as sporangia 
proliferating internally, and Pythium-like characteristics, such as a discharge 
tube for zoospore release from the sporangium (Bala et al., 2010). Lévesque 
and de Cock (2004) found that species on this boundary formed a 
monophyletic group, labelled Clade K. This separation has been observed by 
many research groups, looking at different DNA regions, and all place Clade K 
between Phytophthora sensu stricto and Pythium sensu stricto (Cooke et al., 
2000; Robideau et al., 2011; Uzuhashi et al., 2010). Clade K was also 
monophyletic using the elision method and it was separated from the rest of 
the Pythium species, in agreement with other published research.  
 
During 2010, Bala et al., described a new genus placing Clade K in 
Phytopythium, with Pythium sindhum being the type species. Also during 
2010, Uzuhashi et al., described a new genus for Clade K, Ovatisporangium 
and went further and proposed dividing Pythium into 5 genera, 
Ovatisporangium (Clade 1, with Ovatisporangium helicoides as type species), 
Pilasporangium (Clade 2, with Pilasporangium apinafurcum as type species), 
Globisporangium (Clade 4, with Globisporangium paroecandrum as type 
species), Elongisporangium (Clade 5, with Elongisporangium anandrum as 
type species) and Pythium (Clade 3, with Pythium monospermum as type 
species). Many subsequent publications acknowledge the different splits in 
the genus Pythium but for simplicity continue the use of Pythium sensu lato 
(Spies et al., 2011). 
  
Pythium vexans was the predominant species detected in Clade K through the 
current study. It has a worldwide distribution and is recorded as a pathogen of 
many plants, although only weakly so towards some hosts (van der Plaats-
Niterink, 1982). The current work splits Py. vexans into two groups, one 
comprising Py. vexans labelled sequences along with those identified in this 
study, whilst the second group had Py. vexans with Py. cucurbitacearum 
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nested within. Following a survey of Phytophthora and Pythium affecting 
grapevines, Spies et al. (2011) noted that their isolates of Py. vexans could be 
split into 3 groups, which they labelled A-C. Further molecular and biometric 
studies supported these groupings and thus the possibility of these being new 
species but stopped short of describing them as such for several reasons, 
including contradictions in the phylogenies of different DNA regions preventing 
clear identification (Spies et al., 2011). Spies et al. (2011) suggested the 
description of these species should wait until neotype strains can be 
designated for Py. cucurbitacearum. Morphological analysis of isolates 
recovered through this study should be undertaken and may help resolve 
some of the issues surrounding Py. vexans as a species complex.  
 
Summary 
This is the first study to detect and identify the Pythium species found 
associated with mature plants suffering from root and stem rots in the UK. The 
diversity of Pythium species and variability within species or species 
complexes highlights that more research is required for complete 
understanding of the host range and pathogenicity of the genus. The majority 
of the Pythium species detected have previously been recorded as plant 
pathogens. However, published records are often contradictory, which may 
indicate that the degree of pathogenicity could be dependent on host plant 
and host age amongst other factors (van der Plaats-Niterink, 1982). Some 
Pythium species have even been demonstrated to be mycoparasites or 
bestow some benefits to plants (Lévesque and de Cock, 2004; Winter, 1966) 
making their role in the soil environment even more complex.  
 
The elision method has the benefits of objectively handling large numbers of 
sequences with no need for subjective input. Varying the gap opening and 
gap extension penalties, and concatenating all the clustal alignments, enables 
handling of indels so all sites can be used for the phylogenetic analysis. The 
resulting phylogeny is comparable to previously published studies and the 
subclades identified (Figure 6.2) also appear to be in accord. However, this 
method does highlight that the phylogenies of both Lévesque and de Cock 
(2004) and Uzuhashi et al. (2010) are open to change, as the clades created 
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by both groups do not appear to be robust to changes in the initial alignment. 
Comparison of sequences arising from the present survey with all publicly 
available sequences was possible but illustrates the need for careful scrutiny 
when viewing unpublished data. 
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Chapter 7: Investigation of the pathogenicity of Pythium 
intermedium 
 
7.1 Introduction 
 
Of the 305 described Pythium species, some are considered pathogenic (to 
plants, animals and fungi) and others are saprotrophs. The Pythium species 
found associated with plants are perceived as pathogens of only seeds or 
seedlings, otherwise they are thought to be merely opportunistic pathogens 
mainly of roots entering through wounds (Moorman et al., 2002). Chapters 3 
and 6 (“Comparison of detection techniques” and “Detection and isolation of 
Pythium in UK gardens”) both discuss the frequent association of Pythium 
species with dead and dying mature plants. The three Pythium species most 
commonly detected in the current study have been previously recorded as 
plant pathogens, Py. intermedium (Hocking, 1970; Suffert and Guibert, 2007), 
Py. attrantheridium (Allain-Boulé et al., 2004) and Py. sylvaticum (Vaartaja 
1975). Previous studies report the occurrence of Pythium species in plants 
(Moorman et al., 2002; van der Plaats-Niterink, 1975) and soil (Paul, 2002; 
Bala et al., 2006), although further investigation concerning their pathogenicity 
was not documented. Trials with Pythium species often use lettuce or 
courgette seedlings as a demonstration of pathogenicity rather than the 
original host (van der Plaats-Niterink, 1981).  
 
Initially, Pythium species in this study were identified based on ITS sequence 
analysis. Pythium cultures were obtained from routine hemp seed baiting of 
RHS advisory samples. ITS sequence analysis of these cultures indicate a 
similar frequency of occurrence of Pythium species to those identified in 
planta, although the species identified by the two methods sometimes were 
not the same. These isolates formed the basis for a series of investigations 
into the pathogenicity of Pythium on mature plants. At the outset, experiments 
were initiated using representative species to study their pathogenicity against 
seeds and seedlings. Further experiments investigated the role of host plant 
age in susceptibility to Pythium infection.  
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 Previous research reveals pathogenic Pythium species can survive 
saprophytically in the soil (van der Plaats-Niterink, 1981). Allain-Boulé et al. 
(2004) noted that symptomless Pythium infections can occur as has similarly 
been observed with some Phytophthora species (Erwin and Ribeiro, 1996). In 
natural environments, plants may remain in situ for several months or even 
years after death has occurred. In contrast to natural environments where the 
plants are left to decay, in gardens the remains of a plant are removed and 
replacement plants are frequently planted in the same location. The possibility 
that Pythium species could infect and kill mature plants is made more 
significant because of their recorded ability to survive as saprobes and 
occasional reports of their causing asymptomatic infections on some plants 
(van der Plaats-Niterink, 1981; Allain-Boulé et al., 2004). Pythium species 
could survive in UK gardens in the absence of a suitable host, and build up 
high levels of inoculum as saprobes. Pythium species have the potential to be 
spread and if suitable conditions and host are encountered, plant death may 
occur. 
  
The aim of this study is to investigate the contribution that Pythium species 
make towards the death of mature plants in UK gardens and investigate the 
conditions which increase the likelihood of whole plant death occurring from a 
single Pythium species. 
 
7.2 Methods 
 
7.2.1 Selection of Pythium and Phytophthora isolates used for pathogenicity 
assays 
Isolates chosen for the inoculation of Taxus plants (Chapter 5, Table 5.5) 
were also selected for seed germination trials described here. Each was 
isolated from Taxus baccata and shown to be pathogenic to Hebe sprigs.  
 
The isolates used to investigate the effects of different inoculum on pea 
seedling survival were Ph. cinnamomi (P76539/09), Ph. plurivora (P92296/09 
root), Ph. cryptogea (P79270/09 root), Py. attrantheridium (P76590/09 root), 
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Py. intermedium (P74226.1/08 root) and Py. sylvaticum (P79910.1/09 root). 
All cultures were isolated from Taxus root samples. 
 
The isolates used in the Hebe trial were Ph. cinnamomi (P76539/09), Py. 
attrantheridium (P76590/09 root), Py. intermedium (P74226.1/08 root) and Py. 
sylvaticum (P79910.1/09 root). Again all cultures were isolated from Taxus 
roots. 
 
7.2.2 Host plants used to study pathogenicity of Pythium spp. 
Seeds were selected, from plants known to be susceptible to Pythium, for an 
initial investigation into their suitability: they included; lettuce, radish, tomato, 
cucumber, courgette, pea, broad bean and maize. Lettuce and radish were 
found to have fast and reliably high germination. Peas were also found to 
have a high, but slow, germination rate. For this reason the lettuce and radish 
were chosen for examining the effects of Pythium and Phytophthora spp. on 
germination. Pea seeds were used for examining the effect of Pythium and 
Phytophthora species on seedlings. 
 
 Raphanus sativa ‘Cherry Belle’ (Thompson and Morgan) and Lactuca sativa 
‘Tom Thumb’ (Thompson and Morgan) were selected for pilot trials 
investigating the effect of Pythium on seed germination. Pisum sativum ‘Hurst 
Green Shaft’ (Thompson and Morgan) was chosen for investigating 
pathogenicity of Pythium against germinated seedlings. Pea seeds were 
germinated in individual Coir Jiffy™ bags. Hebe rakaiensis (Plant Centre, 
RHS) was used as a model plant for shrub infection assays. Hebe sprigs 
(approximately 5 cm long) were excised using sterilised scissors, and then the 
lower section defoliated to leave six leaves and a single bud. These sprigs 
were dipped in rooting hormone then individually placed in Coir Jiffy™ bags. 
Cuttings were similarly taken every month for two years. Hebe plant age was 
calculated from the time the cutting was taken.  
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7.2.3 Trials to study the effect of Pythium and Phytophthora on lettuce and 
radish seed germination 
Two trials investigated the effect of Pythium and Phytophthora on the 
germination of lettuce and radish seeds. The first examined the number of 
seeds germinated on three assessment dates following infection using V8-
vermiculite inoculum. The assessment dates were 5, 8 and 28 days post-
infection (DPI). The second trial investigated the role of calcium, in 
combination with Pythium and Phytophthora on germination of lettuce and 
radish seeds. The latter trial used V8-vermiculite and adjusted V8-vermiculite 
as inoculum media. 
  
7.2.3.1 Inoculum production and application 
V8-vermiculite media and adjusted V8-vermiculite (supplemented with 
CaCO3) were used for inoculating soil and contained the following ingredients; 
 
V8-vermiculite; a lidded pot (Nalgene) containing 13.5 g vermiculite and 81 ml 
of V8 stock solution (25% (v/v) V8 juice in sterilised distilled water).  
 
Adjusted V8-vermiculite; a lidded pot (Nalgene) containing 13.5 g vermiculite 
and 81 ml of V8 stock solution (25% (v/v) V8 juice in sterilised distilled water, 
supplemented with 2 g CaCO3).  
 
All inoculation media were prepared in individual Nalgene pots, thoroughly 
mixed and sterilised by autoclaving at 121°C for 20 minutes. 
 
Cultures were grown on CA for 3-7 days at 20oC in the dark. Using sterile 
technique, five 5 mm cores were transferred to 500 ml Nalgene pots 
containing inoculation media. After incubation at 20oC in the dark for 2 weeks 
the contents were mixed using a sterile spatula and incubated for a further 3 
weeks. 
 
V8-vermiculite inoculum was mixed at a ratio of 1:1 (v:v) with compost 
(Vegetable Grow bags, J. Arthur Bowers), to be used as the growing medium 
for seeds or seedlings. One litre plant pots were half filled with 
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inoculum/compost and watered before 50 seeds were sown and covered with 
a thin layer of compost. For the second trial examining the effect of calcium as 
an additional treatment, the number of seeds used was reduced to 25 per pot. 
Plant pots were contained in individual drip trays, to prevent cross 
contamination between treatments, and placed in a randomized design. All 
trials were conducted in a heated glasshouse and hand watered on demand. 
Un-inoculated controls were included for each experiment. 
 
7.2.3.2 Assessment of the effect of Pythium and Phytophthora on lettuce and 
radish seed germination  
Germination was scored based on full expansion of cotyledons and assessed 
at 5, 8 and 28 days post-inoculation (DPI). 
 
7.2.4 The effect of Pythium and Phytophthora on germinated pea seedlings 
7.2.4.1 Inoculum production and application 
The effect of different media (V8-vermiculite, Buckwheat, Maize and Millet) on 
pea seedlings inoculated with Pythium and Phytophthora was compared. 
Each media contained the following ingredients;  
 
V8-vermiculite media and inoculum produced as above, Section 7.2.3.1.  
 
Buckwheat; a lidded pot (Nalgene) contained 25 g of buckwheat seed and 11 
ml of tap water.  
 
Maize; a lidded pot (Nalgene) contained 25 g of maize seed and 11 ml of tap 
water.  
 
Millet; a lidded pot (Nalgene) contained 25 g of millet seed and 11 ml of tap 
water.  
 
All inoculation media were prepared in individual Nalgene pots, thoroughly 
mixed and sterilised by autoclaving at 121°C for 20 minutes. 
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One week old pea seedlings germinated in coir Jiffys™ were placed in 400 ml 
plastic cups and surrounded with compost (Vegetable Grow bags, J. Arthur 
Bowers) mixed with a quarter pot (Nalgene) of inoculum. 
 
7.2.4.2 Assessment of the effect of Pythium and Phytophthora on germinated 
pea seedlings 
Growth in height was measured as the distance between soil-level and the 
upper-most internode. Measurements were taken on the day of inoculation 
and at trial conclusion (14 DPI). 
 
7.2.5 Trials to study the effect of Pythium on Hebe 
7.2.5.1 Inoculum production and application 
Two different media were used for inoculating soil, ‘Buckwheat’ and ‘Mycelial’. 
Buckwheat was used for the pilot trials but a possible negative interaction was 
observed, so to investigate this mycelial inoculum was included in the final 
trial. Preparations for both media are explained below; 
 
Buckwheat: Lidded 500ml pots (Nalgene) containing 25 g of buckwheat seed 
mixed with 20 ml of tap water, were autoclaved at 121oC for 30 minutes. 
Pythium or Phytophthora isolates were incubated on CA for 3-7 days at 20oC 
in the dark. Using sterile technique, five 5 mm cores were transferred to each 
of the Nalgene pots containing inoculation medium. After incubation at 20oC in 
the dark for 2 weeks, the contents were mixed using a sterile spatula and 
incubated for a further 3 weeks. 
 
Mycelial inoculum: Conical flasks containing 250 ml of carrot agar broth 
(Waller et al., 2001) were inoculated with CA plugs of Pythium intermedium 
from 3 day old cultures kept at 20oC in the dark. The inoculated carrot agar 
broth was incubated at 20oC in the dark for 2 weeks. Prior to infecting Hebe 
compost, mycelial mats were washed twice with sterilised distilled water and 
cut into small fragments. Mycelial inoculum was directly applied to the soil 
surface. 
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Pilot trials indicated that optimal infection could be achieved by of an 
immediate 3 day flooding (water above soil level) period using tap water. Pilot 
trials also indicated that double bagging of the individual plant pots offered a 
simple method to achieve flooding without cross-treatment contamination but 
still allowing immediate randomization. Subsequent irrigation post-flooding 
was on demand, by hand, using tap water. 
 
Three methods of applying the inoculum were investigated and outlined 
below; 
 
Mixed: Hebe plants were removed from their pots. Loose compost was 
contained on an autoclaved bag and mixed with the appropriate inoculum. 
The compost/inoculum mix was then used to re-pot the Hebe plants. This 
method allowed a good dispersal of inoculum in the soil, but was only suitable 
for smaller plants with enough loose soil. 
 
Tunnelled: Hebe plants were kept in their pot, reducing disturbance to their 
roots. A sterile, plastic pipette was inserted into the compost to create four 
holes equidistance from each other. The holes were angled slightly, so the 
base was closer to the plant than the opening. The treatment inoculum was 
divided into quarters which were then used to fill the four holes.  
 
Surface: Mycelial mats were washed twice with sterilised distilled water to 
remove any traces of carrot agar broth. The mycelial mats were then cut up 
into small fragments before being applied directly onto the soil surface. 
 
Following application of inoculum, all appropriate treatments were flooded. 
 
7.2.5.2 Assessment of trials to study the effect of Pythium on Hebe plants 
Plant heights were measured on the day of inoculation (initial height) and at 3-
14 DPI (assessment heights). Growth was calculated as difference between 
assessment height and initial height. Foliage appearance was visually 
assessed and foliage desiccation, yellowing and browning as percentage of 
total foliage area recorded. 
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7.2.6 Data handling and analysis 
All raw data have been stored and handled in Microsoft Excel and statistically 
analysed using R (version 2.12.1). The results were analysed using a chi-
squared test, linear model or analysis of variance. If results recorded as 
percentage were skewed, with large numbers of low or high percentages, then 
data were arc-sine transformed before being analysed using conventional 
models (Crawley, 2007).  
 
7.3 Results 
7.3.1 Effect of Pythium and Phytophthora on lettuce and radish seed 
germination 
The effect on germination following soil inoculation with Phytophthora species 
and Pythium intermedium was analysed using the chi-squared test, putting the 
inoculated soil as the “observed” result and un-inoculated soil as the 
“expected” data.  
 
 Assessments 
Treatment 5 DPI 8 DPI 28 DPI 
Soil Compost only Control 37 (90%) 42 (91%) 45 (94%) 
Un-inoculated vermiculite/compost mix only 41 (100%) 46 (100%) 48(100%) 
Ph. cinnamomi amended vermiculite/compost mix 34 (83%) 37**(80%) 42*(88%) 
Ph. plurivora amended vermiculite/compost mix 28**(68%) 36**(78%) 44 (92%) 
Ph. citrophthora amended vermiculite/compost mix 46 (112%) 48**(104%) 50 (104%) 
Ph. cryptogea amended vermiculite/compost mix 38 (93%) 40 (87%) 45 (94%) 
Py. intermedium amended vermiculite/compost mix 39 (95%) 40 (87%) 44 92%) 
* = significantly different from the vermiculite only control at 5% level 
** = significantly different from the vermiculite only control at 1% level  
Bracketed figures are as percent of V8-vermiculite only treatment 
Table 7.1: Comparison of germination rates of radish seeds following soil 
amended with V8-vermiculite media containing Phytophthora species or 
Pythium intermedium.  
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  Assessments 
Treatment 5 DPI 8 DPI 28 DPI 
Soil Compost only Control 39 (98%) 39 (93%) 40 (93%) 
Un-inoculated vermiculite/compost mix only 40 (100%) 42 (100%) 43(100%) 
Ph. cinnamomi amended vermiculite/compost mix 34 (85%) 34 (81%) 36 (83%) 
Ph. plurivora amended vermiculite/compost mix 25**(63%) 28**(67%) 32*(74%) 
Ph. citrophthora amended vermiculite/compost mix 26**(65%) 32*(76%) 40 (93%) 
Ph. cryptogea amended vermiculite/compost mix 30* (75%) 32*(76%) 34*(79%) 
Py. intermedium amended vermiculite/compost mix 38 (95%) 38 (90%) 38 (88%) 
* = significantly different from the vermiculite only control at 5% level 
** = significantly different from the vermiculite only control at 1% level 
Bracketed figures are as percent of V8-vermiculite only treatment 
Table 7.2: Comparison of germination rates of lettuce seeds following soil 
amended with V8-vermiculite media containing Phytophthora species or 
Pythium intermedium. 
 
Treatment  No calcium 
added 
Calcium 
added 
Un-inoculated vermiculite/compost mix only 20 (100%) 20 (100%) 
Ph. cinnamomi amended vermiculite/compost mix 13* (65%) 4** (20%) 
Ph. plurivora amended vermiculite/compost mix 22 (110%) 24 (120%) 
Ph. citrophthora amended vermiculite/compost mix 23 (115%) 18 (90%) 
Ph. cryptogea amended vermiculite/compost mix 22 (110%) 20 (100%) 
Ph. gonapodyides amended vermiculite/compost mix 25* (125%) 24 (120%) 
Ph. megasperma amended vermiculite/compost mix 20 (100%) 24 (120%) 
Py. intermedium amended vermiculite/compost mix 20 (100%) 25*(125%)
* = significantly different from the vermiculite only control at 5% level 
** = significantly different from the vermiculite only control at 1% level 
Bracketed figures are as percent of V8-vermiculite only treatment 
Table 7.3: Effect of adding calcium on germination rates of radish seeds 
following soil amended with V8-vermiculite media containing Phytophthora 
species and Pythium intermedium. 
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Both radish and lettuce germination was higher in the un-inoculated 
vermiculite treatments compared to the soil only controls, in no cases was this 
significant (Table 7.1 & 7.2). 
 
Addition of calcium carbonate (CaCO3 ) to V8-vermiculite inoculum 
significantly reduced the germination rate of radish and lettuce seeds when 
soil was amended with Ph. cinnamomi (Table 7.3 & 7.4). V8-vermiculite 
inoculum significantly affected germination of lettuce seeds when soil was 
infected with Py. intermedium (Table 7.4). 
 
Treatment  No calcium 
added 
Calcium 
added 
Un-inoculated vermiculite/compost mix only 16 (100%) 18 (100%) 
Ph. cinnamomi amended vermiculite/compost mix 17 (106%) 7** (39%) 
Ph. plurivora amended vermiculite/compost mix 15 (94%) 19 (105%) 
Ph. citrophthora amended vermiculite/compost mix 20 (125%) 16 (89%) 
Ph. cryptogea amended vermiculite/compost mix 17 (106%) 17 (94%) 
Ph. gonapodyides amended vermiculite/compost mix 13 (81%) 12 (67%) 
Ph. megasperma amended vermiculite/compost mix 14 (88%) 16 (89%) 
Py. intermedium amended vermiculite/compost mix 7** (44%) 16 (89%) 
* = significantly different from the vermiculite only control at 5% level 
** = significantly different from the vermiculite only control at 1% level 
Bracketed figures are as percent of V8-vermiculite only treatment 
Table 7.4: Effect of adding calcium on germination rates of lettuce seeds 
following soil amended with V8-vermiculite media containing Phytophthora 
species and Pythium intermedium (n=25). 
 
7.3.2. Effect of Pythium and Phytophthora on germinated pea seedlings 
The minimal model for analysis of growth over the 14 days post-inoculation 
period found that the effect of pathogen species was not significant (F=8.397, 
d.f.=9,118, p=0.19). Pea seedlings grown in the presence of maize or V8-
vermiculite as inoculum media grew significantly more (over 14 DPI) than 
those grown using buckwheat or millet media (F=21.69, d.f.=3,124, p<0.001).  
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Visual assessment of percent wilting at 14 DPI found no significant pathogen 
effect (F=11.84, d.f.=9,118, p=0.09). Plants grown in the presence of maize or 
V8-vermiculite media showed significantly less visual wilting (over 14 DPI) 
than when buckwheat or millet was used (F=30.54, d.f.=3,124, p<0.001). 
 
7.3.3 Effect of Pythium and Phytophthora on Hebe 
7.3.3.1 Pilot trials 
The pathogenicity trials in Chapter 6 for infection of Taxus baccata plants with 
Phytophthora species and Py. intermedium was used as the basic 
experimental design when infecting Hebe plants. Three pilot trials were 
conducted before the first main experiment was undertaken. Due to limited 
space replication had to be limited. Pilot trials were used to investigate the 
different variables of the protocol before finalising the method for the main 
experiment. 
 
Pythium intermedium, Ph. cinnamomi, buckwheat-only and soil-only 
treatments were used for all pilot trials. Pythium sylvaticum was included, 
along with Py. intermedium and Ph. cinnamomi, in the pilot trial investigating 
the effect of flooding and irrigation water. Pythium attrantheridium, Py. 
intermedium, Py. sylvaticum and Ph. cinnamomi were used when 
investigating the effect of host age. 
 
The first pilot trial had four variables; pathogen (buckwheat only control, 
buckwheat with Py. intermedium and buckwheat with Ph. cinnamomi), 
flooding time (3 days prior to infection or 3 days post infection), infection 
method (inoculum mixed in soil or inoculum placed in tunnels) and amount of 
inoculum (high volume or low volume). No soil-only Hebe plants exhibited 
wilting or desiccation at 3 or 10 DPI. No visual symptoms were observed on 
plants flooded prior to infection so only post infection flooding was analysed.  
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  Mixing Inoculum Tunnel Inoculum 
 High  Low  High  Low 
Buckwheat only 0 nd 100 nd 
Buckwheat & Ph. cinnamomi 0 0 12 0 
Buckwheat & Py. intermedium 35 100 87 56 
nd = not done 
Table 7.5: Effect of inoculum application and volume on the visual percent 
wilting of Hebe plants 3 DPI, following 3 days flooding post-infection. 
 
Only a single Hebe plant was used for the buckwheat-only control and 
buckwheat & Ph. cinnamomi treatment. Two plants were used for each of the 
buckwheat & Py. intermedium treatments.  
 
Both 3 DPI (Table 7.5) and 10 DPI assessments could differentiate between 
the two inoculation methods. Pythium intermedium was the only treatment to 
result in desiccation and wilting following mixing of inoculum into the soil. 
Whilst placing Py. intermedium, Ph. cinnamomi or Buckwheat in tunnels, all 
caused wilting and desiccation of the foliage on all three treatments. Wilting 
assessments, 3 DPI, were found to have the same values as the desiccation 
assessments, 3 DPI. So in the short 3 day period, symptoms rapidly 
progressed from wilting to desiccation. Although wilting and desiccation was 
observed after 3 days, at the 10 DPI assessment a single Hebe plant infected 
with Py. intermedium was showing signs of recovery. All other Hebe plants 
infected with Py. intermedium showed sustained or further wilting and 
desiccation. This resulted in the visual percent desiccation being lower than 
the buckwheat control. Conversely, the Hebe plant infected, using high 
inoculum and tunnelling, with Ph. cinnamomi visual percent foliage 
desiccation rose from 12% to 100%. 
 
In practice, mixing the buckwheat inoculum with soil proved slow and time 
consuming, with greater potential for contamination when working with more 
than a single species. A low volume of buckwheat inoculum still resulted in the 
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wilting and desiccation of foliage and was selected for future experiments as 
more inoculum could be prepared using the limited incubator space available. 
 
The second pilot trial had three variables; pathogen (soil only, buckwheat 
only, buckwheat with Py. intermedium and buckwheat with Ph. cinnamomi), 
flooding depth (flooding drip tray or above soil level) and flooding frequency 
starting at infection day (one episode of 3 days flooding or, 3 days flooded/7 
days unflooded/3 days flooded). The soil-only treatment was added to 
investigate the effect of tunnelled versus non-tunnelled, to see if wounding 
and high flood levels may interact. 
   Visual assessment of percent wilting and 
desiccation of foliage 
 Flooding 
height 
Flooding 
frequency
0 
DPI 
3DPI 10 DPI 13 DPI 18 DPI 
Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Low 
Twice 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) Soil only 
High Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Low 
Twice 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Buckwheat 
only  
High Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Low 
Twice 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Buckwheat 
& Ph. 
cinnamomi High Once 0 (0) 0 (0) 0 (0) 15 (15) 15 (30) 
Once 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
Low 
Twice 0 (0) 0 (0) 1 (0) 0 (0) 0 (0) 
Buckwheat 
& Py. 
intermedium High Once 0 (0) 0 (0) 70 (70) 15 (33) 5 (13) 
DPI = day post infection; Flooding periods - once = 0-3DPI, twice = 0-3DPI and 10-13DPI. 
Table 7.6: Effect of flooding depth and frequency on the visual percent wilting 
and desiccation of Hebe plants following infection with Py. intermedium or Ph. 
cinnamomi. Figures for wilting are recorded first and desiccation is in 
brackets. 
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 None of the control plants (soil only and buckwheat only) exhibited any signs 
of wilting or desiccation over the 18 day assessment period. A single flooding 
event above the soil level resulted in visible wilting and desiccation when 
Hebe plants were infected with Py. intermedium or Ph. cinnamomi. No Hebe 
plants subjected to low flooding heights (either flooded once or twice) 
developed any symptoms significantly different from either of the controls 
(soil-only and buckwheat-only). 
 
The third pilot trial had three variables; pathogen (soil-only, buckwheat only, 
buckwheat with Py. intermedium, buckwheat with Py. sylvaticum and 
buckwheat with Ph. cinnamomi), flooding water (filtered, autoclaved pond 
water or mains tap water) and irrigation water (filtered, autoclaved pond water 
or mains tap water). The soil-only treatment did additionally have a non-
flooded control to investigate the effect this has on visible symptoms. None of 
the soil-only treatments resulted in any foliage wilting or desiccation, over the 
length of the pilot trial (Table 7.7). 
 
A highly significant interaction between inoculum and use of pond or tap water 
was observed following chi-squared analysis of the 3 DPI percent foliage 
wilting (χ2=30.3, 8d.f.). Any application of pond water in combination with 
buckwheat resulted in visible wilting and dieback of the plants. Use of tap 
water for flooding and irrigation was the only combination that resulted in no 
foliage wilting or desiccation being observed on the controls (soil-only or 
buckwheat-only), but Pythium or Phytophthora infected plants still showed 
symptoms of infection. 
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   Visual assessment of percent 
wilting and desiccation of foliage 
Inoculum Flooding 
water 
Irrigation 
water 
0 DPI 3 DPI 10 DPI 
Pond 0 (0) 0 (0) 0 (0) 
None 
Tap 0 (0) 0 (0) 0 (0) 
Pond 0 (0) 0 (0) 0 (0) 
Pond 
Tap 0 (0) 0 (0) 0 (0) 
Soil only 
Tap Tap 0 (0) 0 (0) 0 (0) 
Pond 0 (0) 1 (0) 100 (100)
Pond 
Tap 0 (0) 1 (0) 100 (100)Buckwheat only  
Tap Tap 0 (0) 0 (0) 0 (0) 
Pond 0 (0) 0 (0) 75 (75) 
Pond 
Tap 0 (0) 57 (0) 100 (100)
Buckwheat & Ph. 
cinnamomi 
Tap Tap 0 (0) 0 (0) 80 (80) 
Pond 0 (0) 14 (0) 90 (90) 
Pond 
Tap 0 (0) 40 (0) 100 (100)
Buckwheat & Py. 
intermedium 
Tap Tap 0 (0) 13 (0) 100 (100)
Pond 0 (0) 45 (0) 100 (100)
Pond 
Tap 0 (0) 60 (0) 100 (100)
Buckwheat & Py. 
sylvaticum 
Tap Tap 0 (0) 15 (0) 100 (100)
DPI = day post infection 
Table 7.7: Effect of choice of flooding and irrigation water on the visual 
percent wilting and desiccation of Hebe plants following infection with Ph. 
cinnamomi, Py. intermedium or Py. sylvaticum. Figures for wilting are 
recorded first and desiccation is in brackets. 
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7.3.3.2. The effect of Pythium on various ages of Hebe plants 
Flooding was not sustained for the designed 3 days on some of the plants due 
to splits in the bags used for containing the water. During the repeat of the trial 
this was improved by using double bagging, but some still leaked and did not 
sustain the flooding. Assessments made on the 13th December 2010 and the 
24th January 2011 were combined as they are comparable for the number of 
days post-infection. Analysis of the whole trial, using both replicates 
(December 2010 and January 2011), found the repeats could not be removed 
from the minimal model as there was a significant difference in the visual 
assessment of both percent yellowing and percent desiccation between the 
trial dates.  
 
Analysis found the blocks did not explain any of the variation in the percent 
Hebe foliage desiccation data (F=0.28, d.f.=4,351, p=0.89). Although flooding 
was not sustained in some instances, when the trial data were combined, 
flooding did not explain any of the variation observed in plant desiccation 
(F=1.80, d.f.=1,351, p=0.18). Depending on how the data are viewed 
(continuous or categorical) this changed whether plant size/age explained any 
of the variance. If the plants were put as a continuous variable using age, this 
did not explain any of the variance and could be removed from the minimal 
model (F=3.41, d.f.=1,353, p=0.07). If the plants were placed into three size 
classes (large, medium and small), each encompassing two plant ages, then 
analysed as categorical data then this was highly significant and could not be 
removed from the model (F=8.71, d.f.=2,351, p<0.001). This latter 
classification of the plants into 3 size classes more accurately groups the 
plants based on observations. Figure 7.1 shows the data collected for percent 
visual desiccation of the Hebe plants. When the visual percent yellowing of 
the plants was assessed, flooding could not be removed as this explained 
some of the variance observed. Figure 7.2 a & b plot the results of the foliage 
yellowing. Flooding influenced foliage yellowing but not desiccation, 
suggesting they are results of different pathways. Two treatment combinations 
resulted in significantly higher desiccation than the controls; large plants 
inoculated with Py. intermedium during the December replicate and the small 
plants inoculated with Py. sylvaticum during the January replicate (Figure 7.1).
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Figure 7.2: Percentage of Hebe plant foliage exhibiting yellowing following 
inoculation with Ph. cinnamomi, Py. attrantheridium, Py. intermedium and Py. 
sylvaticum. a) Plants did not receive full flooding b) Plants did receive full 
flooding 
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7.3.3.3. The effects of Pythium intermedium and flooding duration on Hebe 
plants 
 
Assessments were made 11 DPI and 18 DPI. The data for 11 DPI, for visual 
symptoms of desiccation were combined from both replicates of the trial as 
the replicates were shown not to explain any of the variance in the data 
(F=0.46, d.f.=1,91, p=0.50). Neither could the length of time flooded explain 
any of the variance observed in percentage visual desiccation (F=2.59, 
d.f.=2,93, p=0.08). Treatments using buckwheat resulted in significantly 
increased desiccation compared with those without buckwheat (F=22.25, 
d.f.=1,93, p>0.001). Desiccation was also seen to significantly increase 
following the addition of Py. intermedium, compared to the negative control 
(F=15.59, d.f.=1,93. p>0.001) (Figure 7.3).  
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Figure 7.3: Mean percent foliage desiccation of Hebe plants 11 DPI following 
inoculation with Py. intermedium using buckwheat or pure mycelium as 
inoculum (error bars = 1s.e.). 
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Assessment of the Hebe plants 11 DPI, for visual yellowing of the foliage 
found that none of the treatments differed significantly; replicates (F=0.50, 
d.f.=1,91, p=0.48); length of flooding (F=1.40, d.f.=2,93, p=0.25); inoculum 
(buckwheat or mycelium)(F=0.01, d.f.=1,94, p=0.92); pathogen (Pythium or 
control) (F=0.20, d.f.=1,94, p=0.66). 
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Figure 7.4: Mean percent foliage desiccation of Hebe plants 18 DPI following 
inoculation with Py. intermedium using buckwheat or pure mycelium as 
inoculum and with 3 different flooding lengths (error bars = 1s.e.). 
 
Assessment of the Hebe plants 18 DPI, for visual symptoms of desiccation 
found that replicates did not explain any of the variance in the data (F=1.18, 
d.f.=1,91, p=0.28), but that length of time flooded did (F=6.02, d.f.=2,91, 
p=0.004). Treatments using buckwheat resulted in significantly increased 
desiccation of the Hebe plants compared with those without buckwheat 
(F=47.68, d.f.=1,92, p>0.001). Desiccation also significantly increased 
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following the addition of Py. intermedium, compared to negative control 
(F=4.13, d.f.=1,91, p=0.04)(Figure 7.4).  
 
Assessment of the Hebe plants 18 DPI, for yellowing of the foliage found that 
none of the treatments differed significantly; replicates (F=0.12, d.f.=1,91, 
p=0.73); length of flooding (F=0.78, d.f.=2,91, p=0.46); inoculum (buckwheat 
or mycelium) (F=0.62, d.f.=1,94, p=0.43); pathogen (Pythium or control) 
(F=0.002, d.f.=1,94, p=0.96). 
 
7.4 Discussion 
 
Initial experiments investigated general conditions that were required for 
pathogenicity experiments. Pythium species are able to reduce seed 
germination (van der Plaats-Niterink, 1981), this allows for quick experiments 
to test various inoculum and inoculation protocols. Seeds of several species 
were tested for their suitability in germination assays using Pythium or 
Phytophthora on germination rates (data not shown). Seed batches of many 
plants had low germination rates or did not germinate at all. Two plants that 
had reliable high germination rates were radish and lettuce. Additionally, peas 
germinated well but were slow and therefore seemed better suited to 
investigations of pathogenicity on seedlings.  
 
Lettuce is known to be susceptible to Py. intermedium and at least 11 other 
Pythium species (van der Plaats-Niterink, 1981), whilst at least five 
Phytophthora species are known to infect lettuce (Farr and Rossman, 2012). 
 
Using V8-vermiculite inoculum, the Phytophthora species tested reduced the 
germination of both lettuce and radish seeds whereas Py. intermedium 
seemed to be without effect (Table 7.1 and 7.2). However in the later trial 
(Table 7.3 and 7.4) Py. intermedium did significantly reduce lettuce, but not 
radish, seed germination.  
 
Addition of calcium carbonate to media is recommended when culturing 
Phytophthora species to encourage oogonia production at the expense of 
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sporangia (Ribeiro, 1986). Calcium carbonate was found to have marked but 
differing effects on lettuce seed germination in combination with Ph. 
cinnamomi or Py. intermedium. Only the combination of Ph. cinnamomi and 
calcium carbonate significantly reduced lettuce seed germination compared to 
the controls. Conversely, only the combination of Py. intermedium without 
calcium carbonate significantly reduced lettuce seed germination when 
compared to the controls, (Figure 7.3). Although Ph. cinnamomi and Py. 
intermedium share similar superficial traits, wide host ranges, worldwide 
distribution, fast growth rates, chlamydospore/hyphal swellings, and poor or 
no sporangial production, that they reacted so differently in the presence of 
calcium carbonate highlights they are distantly related taxa (van der Plaats-
Niterink, 1981: Ribeiro, 1983). 
  
V8-vermiculite is often used as an inoculation medium (Shafizadeh and 
Kavanagh, 2005) and when previously used for infecting Taxus plants with 
Phytophthora and Pythium species had unforeseen consequences (Chapter 
5). Whilst being a good rich medium that allows growth of both genera, when 
added to soil it significantly increased the growth of the Taxus plants over a 9 
month period. This could be related to the chemistry of vermiculite itself and 
its use as a soil conditioner with a high cation exchange capacity. 
Alternatively, the V8 juice may be acting as a source of nutrients available to 
the plant. 
  
To try and eliminate the effects of V8-vermiculite on the plant growth different 
media were trialled for growing inoculum. Seeds, such as oats, are one 
possible medium (Ribeiro, 1983), although it is known that different media can 
significantly influence growth and sporulation of Phytophthora and Pythium 
species (Guo and Ko, 1993). Three available seeds (maize, millet and 
buckwheat) were trialled as alternative media. Each was compared with V8-
vermiculite to investigate their potential as an inoculation medium during 
infection assays on pea seedlings with Phytophthora and Pythium. Over the 
14 day period of the pea seedling trial, the inoculum medium (V8-vermiculite, 
buckwheat, maize or millet) used had a greater effect on pea height and 
wilting than any of the Pythium or Phytophthora species. Plants inoculated 
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with V8-vermiculite along with maize media, put on significantly more growth 
than plants inoculated with either the buckwheat or millet media. The reverse 
was observed with the visual percent wilting and suggests the V8-vermiculite 
and maize might have produced an environment that is favourable to plant 
growth, reducing the symptoms due to infection. Ploetz and Schaffer (1987) 
used millet seed as an inoculum media for infecting avocados with Ph. 
cinnamomi, and while high infection rates were recorded no information about 
sterilization of the millet was described in their protocol. Sterilizing 
(autoclaving) and inoculating the millet caused the seeds to deteriorate and 
become mushy, making handling more difficult. Buckwheat, in comparison, 
managed to keep its form following autoclaving making it much easier for 
subsequently inoculating soil. 
 
The first pilot trial using Hebe showed that only flooding, after inoculation of 
the soil, resulted in any visible symptoms of wilting or desiccation. Sterne et 
al. (1977) reported that the development of root rot is greater in moist soils 
than in dry. Higher levels of Py. intermedium inoculum was found to increase 
the severity of wilting and desiccation (Table 7.5) when it was applied in 
tunnels in the soil. By contrast, mixing the inoculum with the surrounding soil 
showed a decrease in visible symptoms with higher Py. intermedium 
concentration. The results of the experiment where inoculum was applied 
using tunnelling into the root ball matched those of Menziez et al. (1995) who 
found that only at a higher concentration of mycelial inoculum did Py. 
aphanidermatum cause death of cucumber plants but with lower inoculum 
concentrations only a reduction of growth and yield was observed.  
 
Inoculating using tunnels was the most suitable method for the larger scale 
trials looking at age-dependent susceptibility of Hebe. The larger, older plants 
(>8 months) had no loose soil in the pots to mix with the inoculum. The 
method where inoculum is mixed with the potting media would be ideal for 
plants with smaller root systems, which would only have been possible on 
Hebe plants about 1-4 months in age.  
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The original method used to increase soil moisture, resulted in the immersion 
of only the lower quarter of the root ball (i.e. the depth of the drip tray), leaving 
the top three quarters of the potting media wet but not flooded. Using tunnels 
as a method to apply inoculum only penetrates the potting media to a depth of 
approximately three quarters and, therefore, would not place the Phytophthora 
or Pythium in soil that was flooded. The second pilot trial investigated the 
effect of high and low levels of flooding and the effect of repeated low level 
flooding to investigate if either treatment could elicit higher infection rates. 
Mitchell and Kannwischer-Mitchell (1978) describe flooding as where standing 
water is above soil level for 48 hours and recommend that repetition at 2 week 
intervals is applied when undertaking Phytophthora pathogenicity trials 
involving woody plants. Comparison of flooding the lower quarter of the soil 
(low) with the top of the soil (high) found that significant wilting and 
desiccation of the Hebe plants was only seen at high flooding levels (Table 
7.6). No significant difference was observed between single low flooding and 
double low flooding treatments, suggesting that high level flooding is more 
critical than repeated low level wetting of the soil. Flooding is known to 
influence normal plant function. For example Ploetz and Schaffer (1987) found 
that flooded avocado plants stopped assimilating CO2 after root necrosis 
exceeded 15% whilst non-flooded avocados were still assimilating CO2 with 
root necrosis approaching 90%. 
 
Investigating the effect of the flood and irrigation water was designed to 
establish whether chlorinated tap water may be causing any deleterious 
interactions. When pond water was applied in combination with the two 
pathogen treatments (Table 7.7), stress symptoms, measured by visual wilting 
and desiccation, significantly increased. Algal filtrates have been found to 
increase sporulation of Ph. cactorum (Leonian, 1936), initially suggesting this 
as a possible mechanism of the enhanced symptom development. However, 
interaction of pond water and buckwheat, in the absence of a pathogen, also 
caused the same symptoms. When tap water in combination with buckwheat 
was applied, in the absence of a pathogen, plants showed no visibly 
measurable symptoms. The use of tap water in combination with buckwheat, 
in the presence of a pathogen, resulted in significant wilting and desiccation. 
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Where flooding with tap water was employed, additional treatment with the 
test pathogen resulted in clear visual symptoms in all Hebe plants (each 
showing between 80-100% visual symptoms) while similarly treated controls 
remained unaffected. The converse finding that, in some control treatments, 
use of autoclaved pond water in the absence of a pathogen resulted in 
development of visual symptoms indistinguishable from those where a 
pathogen was applied, indicates that flooding with tap water should be the 
preferred option. 
 
During the trial examining the effect plant age has on susceptibility the two 
replicates (December and January) gave significantly different results, 
although both experiments showed a similar general trend (Figure 7.1). 
Success of flooding was not significant in explaining the variance observed. 
Pre-experiment conditions may have affected the Hebe plants, which had 
been maintained in an unheated polytunnel (severe snow and frosts occurred 
during winter 2010). In an attempt to minimize stress as a contributing factor 
the Hebe plants were placed into the growth chambers 3 days prior to 
inoculation and flooding. This procedure was undertaken for all Hebe plant 
trials, so no results are available on whether this prevented the stress it was 
intended to overcome, or whether indeed it was long enough. 
  
Previous reports have highlighted the difficulties associated with conducting 
replica experiments at different time periods with researchers citing varying 
growing conditions as a likely influence. O’Sullivan and Kavanagh (1992) 
observed that environmental factors significantly reduced pathogenicity of Py. 
sylvaticum to sugar beet seedlings between a trial conducted in December 
(min 7oC, max 15oC) and the repeat experiment conducted in February (min 
8oC, max 20oC), both of which were kept in a heated greenhouse. 
 
Age of plants did not influence symptom development in the Hebe trials, 
however when analysed by plant size, rather than age, significant differences 
were detectable. From Figure 7.3, it can be seen that the medium sized plant 
group exhibited the least desiccation when compared with the small or large 
plant categories. Only small plants inoculated with Py. intermedium or Py. 
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sylvaticum differed significantly with higher desiccation from the un-inoculated 
buckwheat controls of the same size, with the former during the December 
trial and the latter during the January trial. The observation that juvenile 
plantlets are readily affected by Pythium concurs with van der Plaats-Niterink 
(1981), who states that Pythium is known to cause damage to seedlings and 
Py. intermedium and Py. sylvaticum can be aggressive pathogens to a wide 
range of host. Interestingly, in both December and January, large plants 
inoculated with Py. intermedium had significantly higher desiccation than both 
controls. 
  
Treatments with Py. attrantheridium and Ph. cinnamomi on small and medium 
sized plants produced no significant desiccation compared with the un-
inoculated buckwheat control suggesting that infection conditions were sub-
optimal in this experiment. There is limited information detailing the 
pathogenicity of Py. attrantheridium (Allain-Boulé et al., 2004), and from foliar 
infection assays Py. attrantheridium was also seen to result in few symptoms 
(Chapter 8, Pythium as a Foliar Pathogen of Dicotyledons). This might 
indicate that this species is not as pathogenic as the genetically and 
morphological similar Py. intermedium. Phytophthora cinnamomi has been 
recorded as causing asymptomatic infections and only occasionally gives rise 
to visual aerial symptoms in circumstances where plants are under abiotic 
stress (Ribeiro, 1983). Therefore, the lack of visually measurable foliar 
symptoms may not be indicative of an absence of infection by this pathogen. 
 
Duration of flooding (2, 3 or 4 days) had no significant effect on desiccation at 
11 DPI, but did at 18 DPI, where treatments using buckwheat had higher 
desiccation with increased length of flooding (Figures 7.3 and 7.4). Using pure 
mycelium inoculum did not result in the same interaction at 18 DPI. Pure 
mycelium caused significantly higher desiccation at both 11 and 18 DPI when 
compared to the water control, but was the same or significantly lower that the 
buckwheat control. The difference in desiccation between with or without 
Pythium, for both inoculation methods, appeared similar, suggesting that the 
interaction of the buckwheat and Pythium on the desiccation is additive and 
not antagonistic or synergistic.  
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 The interaction between the buckwheat and Hebe plants is unclear and 
cannot be resolved from the experiments conducted, but it is clear that 
buckwheat somehow causes desiccation. In addition, buckwheat appears to 
be linked with reducing plant recovery. Plants inoculated with pure mycelium 
had lower desiccation at 18 DPI than 11 DPI, with 42% of Hebe recovering 
completely. Of the buckwheat and Py. intermedium treatments, only 4% 
recovered from desiccation at 11 DPI to completely healthy at 18 DPI. This 
demonstrates that, over a 7 day period, use of buckwheat in the inoculum 
reduced the ability of plants to recover and was only noticeable by comparison 
between the two assessment dates. Further investigation would be required to 
know if buckwheat is directly affecting plant recovery, or for example if it is 
providing a medium for phytotoxin producing microbes to flourish. 
  
The recovery of some Hebe plants, following inoculation of the growth media 
with Py. intermedium, gives some idea as to the delicate balance required for 
plant survival. Symptoms of wilting and desiccation were observed on Hebe 
plants, following infection and flooding, after only 3 days and in severe 
instances resulted in plant death. Removing the conditions of high humidity 
and saturated soil could take the competitive edge away from the Pythium 
species and allow the plants to seemingly recover above ground. It could be 
considered that the infection conditions are optimal for the Pythium species; 
alternatively, conditions may be considered sub-optimal for plant vigour. It is 
clear that a single infection date, followed by a significant flooding event can 
result in rapid wilting of Hebe plants which, if sustained, may result in plant 
death. Pythium complexes have been associated with apple replant disease 
of mature fruit trees (Jones and Aldwinckle, 1997), but this study also 
supports the hypothesis that a single Pythium species (Py. intermedium) can 
result in the death of a woody plant (Hebe). 
 
Isolation was attempted from all Hebe plant roots at the end of each trial. Re-
isolation of the pathogen species used for infection was confirmed with none 
isolated from any control treatments. This fits with Ploetz and Schaffer (1987) 
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who only isolated Ph. cinnamomi from avocado roots infected with Ph. 
cinnamomi, despite observing root necrosis on control plants.  
 
Further experiments would be required to elucidate the details and 
mechanisms of some plants apparently recovering from symptoms of visual 
wilting. Determination of the long-term health of the putatively recovered Hebe 
plants would be useful when considering the following scenarios: 
  
• The plants have recovered and are not infected; 
• There is an extended period before further symptoms arise or plant 
death occurs; 
• The action of further stresses are required to trigger further symptoms  
(e.g. flooding, drought); 
• The plants remain asymptomatic but harbour Py. intermedium acting as 
a future source of infection; 
• Permanent weakening results in lack of vigour over the long-term; 
 
Pathogenicity of Py. intermedium towards Hebe has been demonstrated in 
this study. Inoculation with Py. intermedium has resulted in the death of Hebe 
plants and the pathogen was recovered from symptomatic roots. The 
difficulties associated with inoculum choice (V8-vermiculite, maize, millet, 
buckwheat) and application method (mixing with soil or placed in tunnels) 
demonstrates the subtleties associated with pathogen-host interactions. This 
study indicates that some Pythium species are capable of producing the 
symptoms previously associated with a Phytophthora infection on woody 
plants, but more research is required to demonstrate the precise conditions 
necessary to cause plant death and whether apparent recovery is maintained 
in the longer term.  
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Chapter 8: Pythium as a foliar pathogen of dicotyledons 
 
8.1 Introduction 
 
Pythium species are well documented as plant pathogens (van der Plaats-
Niterink, 1981; Lévesque and de Cock, 2004; Pettitt et al., 2011; Bridge et al., 
2008), typically causing root and stem rots with symptoms similar to those 
seen with Phytophthora infections (Agrios, 2005). As part of the survey 
investigating the causal organism behind plants with symptoms typical of 
Phytophthora infection, on a number of occasions only Pythium species were 
confirmed as present. This study investigates which Pythium species are 
associated with foliar infections, undertakes pathogenicity trials to see if 
Pythium species can cause the symptoms observed and determine factors 
that may influence infection.  
 
Pythium is considered to be soil or water borne (Agrios, 2005), with methods 
of spread generally involving contaminated water or soil and/or infected plant 
material (van der Plaats-Niterink, 1981). Diseases caused by Pythium are 
usually found attacking seeds or seedlings resulting in reduced germination or 
collapse of young plants. Any young plant tissue, including stems, cotyledons 
and true leaves, in close proximity or contact with infested soil can be 
attacked by Pythium. Plants with low-growing growth habits, such as grasses, 
are particularly susceptible to infection of all parts of the plant. Foliar blight of 
grasses, caused by Pythium species, can be devastating if conditions are 
conducive to the pathogen (Nutter et al., 1983). 
 
The host species identified through the survey with Pythium foliar blight were 
large, woody shrubs with evergreen leaves, such as Ilex and Rhododendron. 
These plants have not previously been recorded with Pythium foliar infections, 
but are known to suffer Phytophthora blights (Werres et al., 2001; Grunwald et 
al., 2008) indicating a susceptibility to Oomycete attack. Phytophthora and 
Pythium species share a very similar lifecycle and can cause indistinguishable 
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symptoms on roots (Agrios, 2005), but little is known of the potential for 
Pythium species to cause foliar blights, a common Phytophthora syndrome.  
 
With no published research on Pythium as a foliar blight organism of woody 
shrubs, this study aims to answer: 1) what hosts are identified through natural 
infection, 2) which Pythium species are associated with these infections and 
3) under controlled conditions can pathogenicity assays reproduce the original 
symptoms observed. 
 
8.2 Methods 
 
8.2.1 Identification of Pythium present in foliar blights 
See Methods, sections 2.1 (Sampling method), 2.7 (DNA extraction from plant 
samples), 2.9 (Semi-nested PCR), 2.10 (Sequencing and Alignments) and 
2.11 (Species Identification).  
 
8.2.2 Isolate and inoculum production 
All isolates used in this study were baited from symptomatic tissue using 
hemp seeds as described in Methods (Section 2.4). Isolation was not 
attempted from leaves, so Pythium species recovered from stem infections 
were used in all experiments. Table 8.2, lists the Pythium species and isolates 
used in this study.  
 
Inoculum for infection assays was produced by growing each isolate on CA 
plates in the dark for 7-10 days and then taking 4mm plugs from the leading 
edge.  
 
8.2.3 Host plants and leaf sterilization 
8.2.3.1 Detached leaf  
Young, intact leaves were collected from mature Ilex aquifolium, Osmanthus 
decorus and Rhododendron plants, sourced from RHS Wisley garden. Leaves 
selected from the same host were of similar age and size. The leaves were 
surface sterilised within an hour and inoculated within 3 hours following 
collection. All leaves were initially washed in tap water to remove debris, 
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followed by a 30 seconds dip in 70% ethanol and then a final rinse with 
distilled water. 
 
8.2.3.2 Whole plant 
Ilex aquifolium plants in 10L pots were used for attached leaf infection assays. 
All leaves were initially wiped with distilled water to remove debris, followed by 
wiping with 70% IMS and then left to evaporate dry.   
 
8.2.4 Inoculation and treatment 
For the detached leaf inoculation assays, four treatments were employed; 
wounded adaxial surface, wounded abaxial surface, unwounded adaxial 
surface and unwounded abaxial surface. A cooled flame sterilised scalpel was 
used to wound the leaf, by making a 5mm long incision perpendicular to the 
mid-vein. The mean of 10 measurements was used to determine the leaf 
thicknesses of 576 µm, 444 µm and 502 µm for Ilex, Osmanthus and 
Rhododendron respectively. The incisions made into the leaves were 
approximately 250 µm, 202 µm and 243 µm, respectively for Ilex, Osmanthus 
and Rhododendron, leaving the wounds for all hosts stopping under 50% of 
the leaf thickness, at the spongy mesophyll cells.  An inoculated plug and a 
control plug (un-inoculated CA) were placed onto each leaf (Figure 8.1).  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Illustration of the four treatments applied to each host/pathogen 
combination, followed by laboratory incubation method. 
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For attached leaf inoculation assays, leaves were first wiped using tissue 
dampened with distilled water, sprayed with 70% IMS and then left to 
evaporate dry. 
 
1) Infection using inoculated and control agar plugs on each leaf either side 
of the mid-rib was employed, as described for the detached leaves above. 
Wounding of the adaxial leaf surface was the only treatment tested. 
  
2) Infection using Ilex leaves from the detached adaxial leaf assays which 
exhibited lesions. Each detached symptomatic leaf was wiped using a 
tissue dampened with distilled water removing the agar plugs. The 
detached leaf was then placed onto a healthy leaf attached to a whole 
plant, adaxial surface to adaxial surface. Control detached healthy leaves 
were similarly placed on attached leaves of the same plant. 
 
8.2.5 Incubation 
Two incubation regimes were used with detached leaf assays; 
 
1) Four leaves, one of each treatment, placed in a lidded rectangular plastic 
container on a paper towel wetted using distilled water. Containers were at 
room temperature (18-22oC), in the dark. Humidity showed a steady 
increase over time, going from 45% to 65% (generally fitting the linear 
equation y=0.014x+45.3). Temperature and humidity was recorded using a 
TinyTag Plus2 datalogger placed in a similarly lidded plastic container with 
a wetted paper towel. This regime from hence is being referred to as 
‘laboratory’. 
 
2) Each leaf placed in a 90mm diameter single vented plastic Petri dish and 
then placed in a dew chamber (Mercia Scientific, UK). The dew chamber 
settings were; wet bulb at 20oC, outer chamber at 18.5oC, dry bulb at 15oC 
and safety at 30oC. This regime from hence is being referred to as ‘dew 
chamber’. 
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All detached leaf inoculations were incubated in the dark, with final 
assessment after 5 days.  
 
8.2.6 Re-isolation from experimental host plants 
If lesions were observed on the detached leaves, representative samples had 
sections removed from the leading edges which were then plated on to 
selective plates (P5ARP) following surface sterilization in ethanol. Single 
isolate cultures were obtained by excising individual hyphal tips from the 
P5ARP plates. 
 
Pure cultures were sub-cultured from P5ARP onto carrot agar (CA). Plugs 
from CA cultures were placed on oatmeal agar slopes (OAS) and covered 
with paraffin, for long-term storage. OAS cultures were maintained in the dark 
at 10°C.  
 
Isolations were attempted from both leaf and stem samples for whole plant 
infection assays which developed lesions and followed the same isolation 
methods described above.  
 
8.2.7 Assessment and statistical analysis 
Only necrosis of plant tissue larger than the 4 mm agar cores used for 
inoculation was recorded as a lesion. Assessments recorded the 
presence/absence of a lesion and, if present, the width (W) and length (L) of 
the lesion in mm. Presence/absence of a lesion was used to calculate 
infectivity using the following equation; 
 
(number of leaves with lesion present) X 100 
     (number of leaves in treatment) 
 
Severity of infection was assessed using width (W) and length (L) 
measurements following transformation (A = π((WxL)/2)/2)2), to calculate the 
lesion area (A) as a circle (mm2). The lesion areas were not adjusted for leaf 
size, as leaves were of similar size. 
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Data collected through a M.Sc. project titled ‘Pythium as a Foliar Pathogen of 
Dicotyledons’ (Roy, S. 2011) are included in analysis. 
 
8.3 Results 
 
The Advisory Diagnostic Service received and processed eight samples , 
during 2008-2009, exhibiting symptoms of a foliar blight that were 
subsequently found only to have Pythium present, see Table 8.1. 
 
Table 8.1: Foliar blight samples received during 2008-2009 highlighting the 
expected Phytophthora species compared to the actual Pythium species 
detected and identified through sequencing of the ITS region. 
Enquiry No Host Expected Result Actual Result 
41791/2008 Ilex aquifolium Ph. Ilicis Py. cylindrosporum 
Py. glomeratum/ 
heterothallicum 
76214/2009 Osmanthus 
decorus 
Ph. ramorum Py. attrantheridium 
80501/2009 Rhododendron 
ponticum 
Ph. ramorum Py. cylindrosporum 
86455.1/2009 Prunus 
laurocerasus 
Ph. ramorum Py. intermedium 
89167/2009 Ilex aquifolium Ph. ilicis Py. intermedium 
102309/2009 Rhododendron 
ponticum 
Ph. ramorum Py. attrantheridium 
Py. taxon Wisley 
(undescribed) 
103138.3/2009 Ulex europaeus Ph. ramorum Py. attrantheridium 
103138.1/2009 Calluna vulgaris Ph. ramorum Py. intermedium 
Py. sylvaticum 
 
In Table 8.1, 55% of samples identified as Pythium were Pythium intermedium 
or Py. attrantheridium and the experimental host plants chosen had one of 
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these Pythium species detected. Pythium attrantheridium, Py. intermedium 
and the isolate listed as Pythium taxon Wisley are closely related. Pythium 
glomeratum and Py. heterothallicum are difficult to differentiate on the ITS 
region alone, so one sequence recovered from Ilex remains unresolved. 
Pythium cylindrosporum was identified on two occasions, whilst Py. 
sylvaticum was detected only once. 
  
Table 8.2: Pythium attrantheridium, Py. intermedium and Pythium taxon 
Wisley isolates used for phylogeny and experimental pathogenicity assays, 
recovered from symptomatic plants received through the advisory service 
during 2008-2009. Identification of species was based on ITS region 
sequencing and comparison with published sequences (see Figure 8.2). 
Species Host Isolation Method Isolate Reference 
/Year 
Py. attrantheridium Epimedium Stem Hemp P94425/2009 
 Juniperus Stem Hemp P90959/2009 
 Taxus Stem Hemp P38445/2008 
 Taxus Stem Hemp P74735/2009 
 Thuja Stem Hemp P48062.1/2008 
Py. intermedium Buxus Stem Hemp P51344/2008 
 Lavandula Stem Hemp P53914.A/2008 
 Lavandula Stem Hemp P53914.B/2008 
 Rhododendron Stem Hemp P106092/2009 
 Ribes Stem Hemp P47418/2008 
 Rosa Stem Hemp P70743/2008 
 Taxus Stem Hemp P48068.2/2008 
Pythium taxon Wisley Begonia Stem Hemp P97121/2009 
 Lavandula Stem Hemp P106784.1/2009 
 
All Pythium species in Table 8.1, were identified through sequencing of DNA 
amplicons recovered from infected plant tissue and corresponding cultures 
are not available. Cultures isolated during the Pythium survey were used in 
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this study to conduct pathogenicity assays. As there were no isolates from 
leaves in the culture collection, Pythium isolates baited through hemp seed 
from stem lesions were chosen. The final selection of isolates for inclusion in 
the study is listed in Table 8.2, along with the host from which they were 
recovered. 
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Figure 8.2: Phylogeny of all isolates in Table 8.1 and 8.2 compared with 
published Clade 4 sequences (Uzuhashi et al., 2010, Lévesque and de Cock, 
2004), based on the ITS region. 
Pythium heterothallicum/glomeratum 
Pythium cylindrosporum 
Pythium sylvaticum 
Pythium taxon Wisley 
Pythium attrantheridium 
Pythium intermedium 
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As seen from Figure 8.2, all the Pythium species detected from foliage fall 
within Clade 4 (Globisporangium gen. nov. Uzuhashi et al., 2010). As well as 
Pythium intermedium and Py. attrantheridium, a new Pythium species is 
present, clustering close to both previously described species. This new 
species, along with Pythium attrantheridium and Py. intermedium, has been 
included in the pathogenicity assays and labelled as Pythium taxon Wisley. 
For investigation into host susceptibility, isolates P94425/2009 (Py. 
attrantheridium), P106092/2009 (Py. intermedium) and P106784.1/2009 
(Pythium taxon Wisley) were used.  
 
 
A 
B 
Figure 8.3: Symptoms observed on a) Osmanthus and b) Ilex following 
infection with Pythium intermedium. Treatments are laid out as described in 
Figure 8.1. 
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A 
  
B 
Figure 8.4: Comparison of the symptoms observed following infection with 
Pythium intermedium on a) Rhododendron and b) Ilex 
 
Comparison of the infectivity and severity of infections on Ilex, Osmanthus 
and Rhododendron, with Py. attrantheridium, Py. intermedium and Pythium 
taxon Wisley, revealed no significant difference between the leaves inoculated 
either adaxially or abaxially. Adaxial and abaxial results have therefore been 
combined, leaving four variables: 1) host plant, 2) Pythium species, 3) 
wounding and 4) incubation conditions. Table 8.3 shows that, following 5 days 
incubation, none of the controls (uninfected carrot agar plug) bore lesions.  
 
Pythium attrantheridium produced lesions on Ilex predominately when the leaf 
tissue was wounded but infections in the absence of prior damage were 
observed (Table 8.3). In contrast, of 120 inoculations on Osmanthus only a 
single wounded leaf developed a lesion, whilst of the 120 inoculations on 
Rhododendron, two unwounded leaves developed lesions. Lesions only 
developed on Osmanthus and Rhododendron leaves incubated at high 
humidity (dew chamber) whilst lesions developed at both high (dew chamber) 
and low (laboratory) humidity on Ilex leaves, 33% and 60% respectively, but 
with greater infectivity at lower humidity.  
 
 Page 229
Pythium intermedium produced lesions on Ilex, Osmanthus and 
Rhododendron (Table 8.3). Out of 180 inoculated unwounded Ilex, 
Osmanthus and Rhododendron leaves, only five leaves developed lesions, 1, 
0 and 4 respectively. Prior wounding of the leaves increased infectivity for all 
hosts. Increased infectivity of wounded leaves was observed at lower 
incubation humidity (laboratory) for Osmanthus and Rhododendron assays, 
but humidity had no significant effect on Ilex.  
 
Pythium taxon Wisley only produced lesions on leaves of Ilex and Osmanthus 
when there was prior wounding, but infected Rhododendron both with and 
without wounding. 
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Differences in disease severity, measured as mean lesion area (mm2), 
between infections by Pythium attrantheridium, Py. intermedium and Pythium 
taxon Wisley have been plotted by host in Figure 8.5 a), b) and c).  
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c) 
Figure 8.5a,b &c: The effects of wounding and incubation conditions on the 
mean lesion area (mm2) caused by Pythium attrantheridium, Py. intermedium 
and Pythium taxon Wisley, on leaves of three hosts a) Ilex, b) Osmanthus and 
c) Rhododendron. 
 
Lesions produced by Py. attrantheridium, on Ilex, Osmanthus and 
Rhododendron were smaller than those produced by Py. intermedium and 
Pythium taxon Wisley. Incubation at higher humidity (dew chamber) increased 
mean lesion area (mm2) produced by Py. intermedium and Pythium taxon 
Wisley on Ilex compared to incubation at lower humidity (laboratory). 
Conversely, incubation at lower humidity (laboratory) increased all lesion 
areas produced on Osmanthus and Rhododendron, as well as those 
produced by Py. attrantheridium on Ilex.  
 
Pathogenicity assays using five different Py. intermedium isolates were 
undertaken on Ilex under laboratory conditions, Table 8.4. All Py. intermedium 
isolates exhibited high disease incidence on wounded Ilex leaves (80-100%) 
matching the initial results recorded for Py. intermedium isolate P106092/2009 
(93%). The incidence of lesions on unwounded Ilex leaves ranged from 6.7% 
(P53914A) to 53.3% (P48068), differing from the original Py. intermedium 
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isolate (P106092/2009) which had 0% under laboratory conditions, Table 8.3 
& Table 8.4. 
 
  Unwounded Wounded 
Isolate Leaf surface Control Treated Control Treated 
P48068 abaxial 0 (0%) 1026 (53.3%) 0 (0%) 813 (100%) 
 adaxial 0 (0%) 495 (20.0%) 0 (0%) 897 (100%) 
P51344 abaxial 0 (0%) 613 (40.0%) 0 (0%) 735 (100%) 
 adaxial 0 (0%) 530 (26.7%) 0 (0%) 605 (100%) 
P70743 abaxial 0 (0%) 675 (26.7%) 0 (0%) 681 (80.0%) 
 adaxial 0 (0%) 1225 (6.7%) 0 (0%) 910 (93.3%) 
P53914A abaxial 0 (0%) 529 (20.0%) 0 (0%) 795 (100%) 
 adaxial 0 (0%) 154 (6.7%) 0 (0%) 957 (80.0%) 
P53914B abaxial 0 (0%) 531 (40.0%) 0 (0%) 515 (100%) 
 adaxial 0 (0%) 389 (26.7%) 0 (0%) 616 (93.3%) 
Table 8.4: Average lesion area (mm2) on Ilex following infection with different 
Pythium intermedium isolates broken down by wounding and leaf surface, 
with figures in brackets showing the percentage of leaves that developed a 
lesion (n=15). 
 
Isolates P106092/2009 (Pythium intermedium) and P38445/2008 (Py. 
attrantheridium) were used for pathogenicity assays on attached Ilex adaxial 
leaf surfaces using CA plugs, and were incubated in a dew chamber. Control 
treatments with uninoculated CA plugs placed on attached leaves produced 
no lesions. Following inoculation with Py. intermedium, 93% of leaves 
developed lesions and 53% showed premature abscission. Whilst inoculation 
with Py. attrantheridium, 87% of leaves developed lesions and 53% showed 
premature abscission. 
 
On attached leaves Py. intermedium and Py. attrantheridium, with an 
incidence of 7% and 13% respectively, caused lesions extending down the 
main vein of the Ilex leaf, and resulted in black lesions on the stem, Figure 
8.6. 
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C B A 
Figure 8.6: Stem lesions on Ilex 5 days post leaf inoculation with Py. 
intermedium. Arrows indicate where the inoculated leaf was attached. 
 
 
Finally, lesions were observed on 50% of attached leaves when pre-infected 
Ilex leaves, inoculated with Py. intermedium, were placed on uninoculated 
adaxial surfaces. Controls, using uninfected Ilex leaves similarly placed, 
produced no lesions during simultaneous 5 day incubation. 
 
8.4 Discussion 
 
From this Pythium survey (Table 8.1) it can be seen that Calluna vulgaris, Ilex 
aquifolium, Osmanthus decorus, Prunus laurocerasus, Rhododendron 
ponticum and Ulex europaeus exhibited foliar blights caused by Pythium. 
Each host is known to be susceptible to Phytophthora blight (Grunwald et al., 
2008; Werres et al., 2001) so one might have assumed that members of this 
genus were the likely cause. This raises the possibility that other plant hosts 
with similar foliar symptoms may also harbour undetected Pythium infections 
which have been overlooked, thus leading to an underestimation of the 
importance of this problem.  
 
Eight samples with foliar lesions were shown to be infected with various 
Pythium species. Pythium intermedium, Py. sylvaticum, Py. 
heterothallicum/glomeratum and Py. cylindrosporum were identified through 
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molecular analysis from these samples. All are known plant pathogens with 
wide host and geographical ranges (van der Plaats-Niterink, 1981). The eight 
samples represent only 0.6% of the total plants tested but 40% of the foliar 
specimens examined between January 2006 and December 2009. Based on 
the detection levels in this study, along with the wide distribution of Pythium 
species and their hosts, it is possible that Pythium is causing blights of mature 
plants worldwide. 
 
Pythium attrantheridium is a relatively recently described species with little 
published information about its host and geographical range (Allain-Boulé et 
al., 2004). Following sequence alignment of the ITS region (Figure 8.2), three 
un-named isolates used by Uzuhashi, et al. (2010), [AB468806, AB468810 
and AB468791] matched with those of Pythium attrantheridium. The isolates 
associated with sequences AB468806, AB468810 and AB468791 were all 
recovered from uncultivated soil in the Hokkaido, Fukuoka and Gunmais 
regions of Japan, respectively. Pythium attrantheridium has now been 
recorded from North America and Asia, with this current study providing the 
first records in Europe.  
 
A new Pythium species (Pythium taxon Wisley), based on significant 
differences in the ITS and 28s rDNA, clustering close to both Pythium 
attrantheridium and Py. intermedium was identified and as such no published 
information is available on its pathogenicity, host range or geographical 
location.  
 
DNA detection confirmed the presence of Pythium but no isolates were 
cultured from foliar lesions in the Pythium survey. However, representative 
isolates (as judged from ITS sequence information) were recovered from stem 
lesions of these and related hosts (Figure 8.2). The lack of measureable 
lesions on any control assays confirms that Pythium inoculum can cause 
blight symptoms on mature plants. 
 
Pythium has been described as an opportunistic pathogen, infecting plants 
that are wounded or stressed (Lévesque et al., 2010). For attached Ilex leaf 
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pathogenicity assays using whole infected leaves for inoculation, and for Ilex 
and Rhododendron detached leaf pathogenicity assays, wounding was not 
necessary for infection (Table 8.3 and 8.4) suggesting Pythium can act as a 
true foliar pathogen of woody plants. Osmanthus leaves required prior 
wounding for a lesion to form with all Pythium species trialled and had the 
smallest lesions produced of all hosts tested. Prior wounding, for all hosts, 
resulted in significantly higher lesion incidence when compared to unwounded 
leaves. Roy (2011) directly compared Phytophthora ilicis infections with those 
of Pythium attrantheridium, Py. intermedium and Pythium taxon Wisley on 
detached Ilex leaves. Roy found Ph. ilicis caused leaf lesions only after prior 
wounding and, following incubation for 5 days in a dew chamber, the lesions 
produced were significantly smaller than those caused by Py. intermedium 
and Pythium taxon Wisley. The importance and significance of Ph. Ilicis is well 
described (Erwin and Ribeiro, 1993) and considering the results presented in 
these experiments infection of Ilex leaves by a Pythium should be of equal 
concern. 
 
Disease severity following inoculation with Pythium was higher when leaves 
had prior wounding and of the three host plants, disease was most severe on 
Ilex for all Pythium species. The incidence of lesions was higher on wounded 
than unwounded leaves for Py. attrantheridium on Ilex and was higher under 
laboratory conditions than when incubated in a dew chamber. In contrast to 
Ilex, Pythium attrantheridium only developed lesions on Osmanthus and 
Rhododendron when incubated in a dew chamber. Van der Plaats-Niterink 
(1981) highlights that optimum conditions, such as infection temperatures for 
Pythium, are not necessarily the same as recorded for optimum growth rate 
on agar plates. A Pythium species with an optimum growth temperature of 
30oC in culture was found to cause five times more damage on rice at 20oC 
than at 30oC (Webster et al., 1970). The optimum temperature for Pythium 
attrantheridium in culture is 22-25oC but no study has assessed the optimum 
pathogenicity temperature. Further investigations may be useful to determine 
the relationship between temperature and pathogenicity to understand the 
optimal conditions for infection. 
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Roy (2011) observed two different modes of Pythium hyphal growth whilst 
investigating foliar infections in experimental hosts, (which could account for 
different foliar symptoms being observed in the current study). Following 
clarification and staining of lettuce leaves infected with Pythium species, Roy 
(2011) observed Pythium hyphae directly infecting cells and also travelling 
along the vascular tissues. Additionally, the hyphae in the vascular tissues 
had travelled further than those directly infecting parenchyma cells over the 
same time period. These findings may explain the differences in lesion 
development that were observed on Rhododendron detached leaves, even 
within the same infection site. Predominantly, solid brown/black necrotic 
patches were observed on the leaves but, occasionally, necrosis of the veins 
with chlorosis of the interveinal plant tissue was observed (Figure 8.4 A). 
Necrotic veins were not observed with Ilex or Osmanthus infections, Figure 
8.3 A & B and 8.4 A. Watersoaked and chlorotic lesions observed by Roy 
(2011) on lettuce, radish, pea, courgette, nasturtium and chrysanthemum, 
necrotic patches on Ilex, Osmanthus and Rhododendron and necrotic veinal 
lesions on Rhododendron indicate variable symptoms following a Pythium 
infection. Without consistent foliar symptoms, this may further contribute to 
Pythium as a cause of blight being previously overlooked. 
  
Lesions developed on the leaves of intact plants and on detached Ilex leaves 
following infection with agar plugs inoculated with Py. intermedium. In addition 
to foliar symptoms, leaf abscission and stem lesions were also observed. Both 
are typical characteristics of holly blight, caused by Phytophthora ilicis. This 
adds further evidence that it is possible the extent of Pythium as a causal 
agent of foliar blight is not fully realised as whole-plant symptoms could be 
mistaken for Phytophthora blight. 
 
Following the observations that infection caused abscission leading to leaf fall, 
further experiments were designed to identify whether infected leaves could 
act as an inoculum for new infections. Leaves pre-infected on the adaxial 
surface, caused new infections on unwounded attached leaves when 
incubated in contact. Where the infection reached the petiole, stem lesions, 
abscission and leaf fall was observed. This may go part of the way to 
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understanding the aerial lifecycle of Pythium foliar infections, and suggest that 
removal of detached leaves may reduce disease spread. 
 
Ho et al. (2012) gives the classical definition of Pythium as an oomycete 
producing non-deciduous sporangia of variable shapes, only in water and 
zoospores developing in a membranous vesicle outside the sporangium. Py. 
intermedium and Py. attrantheridium are both atypical Pythium species, by 
producing deciduous chains of sporangia (Hocking, 1970; Watanabe, 1983; 
de Cock et al., 2008). Deciduous sporangia have not been recorded for Py. 
sylvaticum, Py. heterothallicum, Py. glomeratum and Py. cylindrosporum (van 
der Plaats-Niterink, 1981). Rea et al. (2012) speculate that the evolutionary 
process leading to development of aerial propagules in the Pythiales and 
Peronosporales could be via the progressive narrowing of the 
sporangiophore, perhaps causing weakness, allowing release of the 
sporangium. Whilst culturing Pythium it was noted that the mycelium produced 
is thin and deteriorates rapidly. This ease of hyphal fracturing may enable 
release of non-deciduous sporangia/hyphal swellings facilitating contact with 
susceptible foliage, possibly via rain splash or via vector dispersal. 
 
The Pythium species investigated in this study were able to infect unwounded 
attached leaves and cause dieback, which is a feature not previously ascribed 
to the genus. Re-isolation of Pythium from the lesions fulfils Koch’s postulates 
and indicates that these species are able to cause blight symptoms. On 
mature woody plants further investigation into the mode of dispersal for 
Pythium foliar blight and the significance of aerial infections in the lifecycle of 
Py. intermedium, Py. attrantheridium and Pythium taxon Wisley is required. 
Pythium sylvaticum, Py. heterothallicum/glomeratum and Py. cylindrosporum 
were also detected on foliage and confirmation of their potential to cause a 
foliar blight would be worth investigating. 
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Chapter 9: General Discussion 
 
The Royal Horticultural Society (RHS) provides a plant clinic, answering 
questions relating to gardens for its members and dealing with plants suffering 
from diseases and disorders. Diseases affecting foliage are usually 
straightforward to diagnose for common problems, including powdery 
mildews, rusts and downy mildews, having visible structures or spores 
present. It is when a plant has only symptoms with no immediately obvious 
causal organism that diagnosis is more problematic. Phytophthora diseases 
often have above-ground symptoms which indicate a plant is stressed, such 
as bleeding, wilting and dieback, but this does not confirm that Phytophthora 
is the cause. In Chapter 3, Comparison of Detection Techniques, based on 
samples received through the diagnostic service with putative Phytophthora 
infections, approximately 80% tested positive for a species of either 
Phytophthora or Pythium using the method of direct DNA extraction from the 
symptomatic plant , followed by a semi-nested PCR based on the ITS rDNA 
region (DEN). This highlights the importance of being able to accurately 
diagnose and detect the presence of Phytophthora. However, even if the 
symptoms are demonstrably the result of a Phytophthora infection, identifying 
which species, of the 116 currently recorded, is not straight-forward (Kroon et 
al., 2012).  
 
Traditional detection has relied on isolation and morphological identification to 
confirm and, where possible, name the Phytophthora species involved. 
Several molecular or immunoassay techniques have been developed to 
enable rapid detection of Phytophthora at the site of the infected plant, 
including real-time PCR and Lateral Flow Devices (LFD) (Tomlinson et al., 
2005; Lane et al., 2007). RFLP analysis of the ITS region, real-time or nested 
PCR with species-specific primers and microarrays can all be used to identify 
Phytophthora to species level (Drenth et al., 2006; Tomlinson et al., 2005; 
Sikora et al., 2012; Chen et al., 2013). Molecular detection and identification 
of pathogens is a rapidly developing field. Simultaneously, the number of 
Phytophthora species being detected and described has also rapidly 
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increased (Brasier, 2008). There will always be a lag between the description 
of new species and development of detection methods to routinely identify 
their presence (Mulholland et al., 2013). The majority of molecular detection 
methods are based on the identification of known Phytophthora species, using 
culture collection isolates as references, but it is difficult to be sure that a new 
method will be able to detect and potentially identify new Phytophthora 
pathogens.  
 
The three methods compared during this study, have the potential to detect 
any Phytophthora species. The additional baiting protocol using hemp seeds, 
set up to acquire Pythium cultures, can also recover Phytophthora species. 
Through direct comparison, the DEN method detected the highest number of 
Phytophthora infections of all techniques trialled. The LFD method has the 
second highest detection rate, although it was only used when aerial 
symptoms were present, vastly reducing the sample to only those amenable 
to diagnosis with this method. Hemp seeds were the better of the two baiting 
techniques when using DEN as the point of reference. Hemp seed baiting 
more frequently detected Phytophthora missed by DEN, whilst missing fewer 
Phytophthora detected by DEN than did apple baiting. The use of apples as 
bait to isolate and detect Phytophthora from symptomatic samples was the 
least successful of all the tests.  
 
Although there are differences in the detection of Phytophthora and Pythium 
between the various techniques tested in this study, published statistical 
methods lacked a suitable appraisal test for this type of scenario to establish 
the reliability of any of the detection methods. Each of the methods trialled 
had different selection pressures throughout the processing, on the potential 
genera and species detected. Even restricting identification to genus level 
failed to reject the null hypothesis, indicating that the results of any two tests 
appear to be independent of each other. Direct sequencing for the presence 
of micro-organisms from environmental samples will undoubtedly detect non-
viable or difficult-to-culture organisms and will inherently have a higher 
detection and identification rate than traditional baiting. Looking ahead, with 
the ease of DNA extraction and reductions in sequencing costs, more studies 
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are going to involve surveys for the presence of Phytophthora and Pythium in 
other hosts by directly sequencing from symptomatic or asymptomatic plant 
material without culturing (environmental samples) or sampling propagules 
direct from water, soil and air (Scibetta et al., 2012). This is the first study to 
attempt detection of Phytophthora and Pythium from the highly diverse range 
of plants found in a garden environment, expressing symptoms consistent 
with a Phytophthora infection. Consequently, over 200 different host genera 
were found associated with Phytophthora or Pythium, demonstrating the 
validity of using the DEN method for these genera and showing that plant 
extracts from these plants do not inhibit PCR amplification. 
 
Baiting, in this case using apples and hemp seeds, has been used previously 
with various host genera (Erwin and Ribeiro, 1996; van der Plaats-Niterink, 
1981). Use of molecular techniques for in planta detection of Phytophthora, 
and Pythium, although an aim for many researchers, is predominantly 
designed around the Phytophthora or Pythium species which can be detected 
by the methodology selected e.g. primers specific to Ph. ramorum. Information 
is limited regarding host-associated interference of DNA extraction and 
purification from plant genera. This study has demonstrated successful in 
planta detection of Phytophthora, and Pythium, from over 200 plant genera 
using a commercially available DNA extraction kit (DNeasy, Qiagen) followed 
by a semi-nested PCR based on the ITS region (Cooke and Duncan, 1997). 
Very little cross-reactivity with host DNA occurred and gel isolation 
successfully separated amplicons where this arose.  
 
Forty-six named or well defined species of Phytophthora and Pythium were 
identified, 21 and 25 respectively. This is likely to be a conservative estimate 
as a few may be species complexes for which the ITS region alone cannot be 
used for definitive identification. Identification of the Phytophthora and 
Pythium species present in UK gardens has not previously been studied or 
reported. The most frequently recovered species were, unsurprisingly, found 
to be those already known to be plant pathogens and those reported as 
affecting a wide range of host plants, namely Ph. cryptogea, Ph. cinnamomi, 
Py. intermedium, Py. sylvaticum and Py. ultimum. These plurivorous species 
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were found in association with a wide range of hosts in this survey, for 
example Py. intermedium was found associated with 70 host genera. With the 
high diversity of plants present in UK gardens, one might speculate that it 
would be a highly advantageous survival strategy for a plant pathogen to have 
the ability to infect a wide range of host genera.  
 
Phytophthora tropicalis, Ph. austrocedri, Ph. “niederhauseri” and Py. 
attrantheridium are all defined species which were first to detected in the UK 
through this study. Phytophthora tropicalis and Ph. “niederhauseri” were both 
detected and isolated from samples imported to the UK from Europe, 
highlighting the role plant trade plays as a carrier of plant pathogens into the 
country. Phytophthora austrocedri was detected in this study, during 2009, 
causing lesions on established Juniperus plants but only through the DEN 
technique so no culture was retrieved. Green et al. (2012) later detected and 
successfully isolated this species from native Juniperus plants in northern 
England providing confirmation that Phytophthora austrocedri was affecting 
UK Juniperus populations in their natural habitat. Gardens could provide an 
early warning system for detecting plants, pests and diseases that have the 
ability to establish in the UK environment and, as such, pose a threat to the 
natural environment.  
 
This survey demonstrated that Py. attrantheridium was nearly as prevalent as 
Py. intermedium and was found associated with 64 different host genera. With 
the high morphological and molecular similarity observed between Py. 
attrantheridium and Py. intermedium, it is feasible that the former species has 
been incorrectly ascribed as the latter species. The list of host genera found 
associated with Py. attrantheridium in UK gardens adds significantly to the 
existing knowledge of this Pythium species.  
 
Phylogenetic analysis of sequences of the ITS region revealed an additional 
20 putative new Phytophthora and Pythium species, 11 and 9 respectively. 
These should be considered ‘virtual taxa’, or phylotypes (Brasier, 2008), 
separating out from currently described species based on phylogenies. There 
has been a relatively rapid increase in the number of Phytophthora and 
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Pythium species being detected and described, a factor predominately 
attributed to the improved detection methods available (Brasier, 2008). Even 
so, over 30% of the species detected during this study are potentially new 
identifications.  
  
The DEN technique enabled analysis of the ITS amplicon, pertinent for the 
majority of the 20 phylotypes with only sequence data available. Of the 
phylotypes for which cultures were available, morphological and cultural 
differences were observable. Phytophthora new species 9, phylogenetically 
close to Ph. citrophthora sensu stricto, was found to be homothallic, a major 
difference from Ph. citrophthora described as heterothallic or sterile (Erwin 
and Ribeiro, 1996). Analysis of growth-temperature characters also allowed 
separation of Phytophthora new species 5 from the Ph. multivora and Ph. 
plurivora, between which it is phylogenetically positioned. These 
morphological and cultural distinctions, supported by the molecular analysis, 
mean Phytophthora new species 5 and Phytophthora new species 9 can be 
formally described as new species.  
 
The phylotypes were detected following molecular analysis of the ITS region 
of DNA using the elision method. This is the first time Oomycetes have been 
analyzed using the elision method which combines repeated alignments, each 
varying in the gap opening and gap extension penalties. Combining sequence 
data in this way enables better management of DNA regions that have indels, 
as seen with Pythium sensu lato. Whilst computationally intensive, the method 
reduces operator input which prevents added interpretation on the sequences, 
minimizing the possible introduction of a bias. Many published phylogenies 
include manual adjustments before phylogenetic analysis (Cooke and 
Duncan, 1997; Cooke et al., 2000; Martin and Tooley, 2003; Kroon et al., 
2004; Blair et al., 2008; Mostowfizadeh-Ghalamfarsa et al., 2008; Jung and 
Burgess 2009; Scott et al., 2009; Bezuidenhout et al., 2010; Mostowfizadeh-
Ghalamfarsa et al., 2010). It has been shown that adjustments to the initial 
alignment of base pairs can influence the subsequent phylogeny (Wheeler et 
al., 1995). The elision method strengthens strong associations, resulting in 
phylogenies that bring out the robust groupings. 
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 Use of the elision method reveled clear clusters in both the Phytophthora and 
Pythium phylogenies. Few discrepancies appeared when the Phytophthora 
maximum likelihood analysis groupings were compared to those described by 
Cooke et al. (2000) and all clades were monophyletic. In contrast, only 3 of 
the 12 Pythium clades set up by Lévesque and de Cock (2004) using MP, 
were identified as monophyletic through the maximum likelihood analysis. The 
remaining clades were found to be either split over separate branches or to 
have other subclades nested within. Descriptions of new Pythium species 
based on minor morphological and molecular differences, along with limited 
original descriptions and loss of old type specimens, have contributed to 
issues surrounding labelling of sequences. 
 
The maximum likelihood analysis undertaken was able to detect many 
species complexes. The Py. irregulare complex has recently been re-
evaluated and it was proposed by Spies et al. (2011) that Py. irregulare, Py. 
cryptoirregulare, Py. cylindrosporum, and possibly Py. regulare should be 
synonymized under Py. irregulare. The Pythium intermedium/attrantheridium 
complex was found to have a high genetic variability in this grouping of 
sequences. It was clear that there are at least two putative new species, one 
clustering nearer Py. intermedium, with the other clustering closer to Py. 
attrantheridium. Further work is required to understand the species complexes 
found in Pythium and Phytophthora, identifying whether they constitute a 
single genetically variable species or multiple species with high similarity of 
the ITS regions. 
  
This study included all Phytophthora and Pythium species publicly available 
online in Genbank, in order to match those recovered through the survey with 
any previously reported. Even with using a large number of sequences from a 
single genus, putative new species, phylotypes, were detected. Re-evaluation 
of currently available Phytophthora and Pythium isolates and sequences helps 
to resolve issues of taxonomy, but may have limited value in identifying 
potential new pathogens.  
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New host-oomycete combinations have been identified, with many being 
species that are known to be plant pathogens and exhibiting extension of host 
range, such as; Ph. plurivora on Crocus, Ph. syringae on Euphorbia, Ph. 
cinnamomi on Alstroemeria and Ph. cinnamomi, on Laurus. The detection of 
Pythium on dying, mature plants which had symptoms consistent with a 
Phytophthora infection, account for many of the new host-oomycete records. 
Pythium species have diverse lifecycles, with many being pathogenic, whether 
to plants, animals, fungi or algae (van der Plaats-Niterink, 1981; Lévesque 
and de Cock, 2004).  
 
Pathogenicity assays were carried out to investigate whether the species 
detected could cause the original symptoms observed. The soil inoculation 
method selected for each experiment was chosen to cause the least artificial 
damage to the plant, i.e. avoided the introduction of deliberate stem/root 
wounds. Both experimental hosts, Taxus and Hebe, were successfully 
infected with Phytophthora and Pythium under controlled conditions. 
Blackening of the roots was observed in all experiments and re-isolation of the 
same Phytophthora or Pythium species used as the inoculum was achieved. 
Hebe plants infected with Pythium intermedium became 100% wilted and 
desiccated just 3 days post infection, from which the plants were unable to 
recover and subsequently died. This highlighted the potential of Pythium to 
cause mature plant mortality, previously only attributed to Phytophthora 
species.  
 
Although only relatively recently described, Py. attrantheridium was 
abundantly detected in UK gardens associated with a diverse range of dying 
plants. Pathogenicity assays investigated the potential impact of Py. 
attrantheridium, as well as the closely related Py. intermedium. In all trials, 
host plants inoculated with Py. attrantheridium exhibited less noticeable 
symptoms, namely wilting and death, than did those inoculated with Py. 
intermedium. The lack of visual foliar symptoms and dieback observed in all 
the trials, with Taxus or Hebe, was notable. The fact plant roots could 
demonstrably be infected with Phytophthora or Pythium, which could be 
cultured out, but did not result in plant death over the time frame of the 
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experiments, could indicate the ability of hosts to tolerate infections under 
certain conditions. Whilst this opens up the possibility of a cultural approach 
for management once infection is confirmed, it also suggests that low level 
infections are likely to go undetected for extended periods allowing for 
extensive distribution before symptoms become apparent. 
 
Plant trade and movement are considered a fast way for the transportation of 
plant pathogens within, and between, countries. Phytophthora or Pythium 
within roots may go undetected, especially where foliar observations alone 
suggest plants are healthy, and allow time for them to become established in 
the new planting area. Nurseries may inadvertently harbour plant pathogens 
and aid their spread through movement of plants, with many of the infected 
plants’ final destinations being in domestic gardens. The causes behind plant 
deaths are not always investigated in a domestic situation as often it is easier 
to remove and replace ailing plants than it is to identify the underlying cause. 
This opens the potential of leaving Phytophthora and/or Pythium inoculum in 
the soil followed by replanting with another susceptible host. Build-up of 
inoculum and disposal of dead plant matter in a domestic situation may then, 
in turn, pose to a threat to neighbouring natural environments. 
 
Phytophthora foliar blights are predominantly reported in popular media over 
the more common Phytophthora and Pythium root rots, which are likely to go 
undetected although may be a more significant route for pathogen spread. 
Phytophthora ramorum, the cause of ‘Sudden oak death’ or ‘Ramorum blight’, 
causes tissue necrosis and stem bleeding at the infection site. Pythium is 
known to cause the same root symptoms as some Phytophthora species but 
this is the first study to detect and identify Pythium causing foliar blight of 
woody plants.  
 
Six Pythium species were detected on woody host plants exhibiting blight 
symptoms, of which three were investigated further. Infection assays were 
able to determine that, Py. intermedium, Py. attrantheridium and a putative 
new Pythium species close to both could infect representative host plants 
resulting in necrotic lesions on unwounded leaves, with larger lesions resulting 
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on wounded leaves. Infection of attached leaves with waxy surfaces 
represents a new disease caused by Pythium. It is possible that Pythium foliar 
blight has been overlooked with symptoms hitherto always being ascribed to 
other pathogen genera, in particular Phytophthora. The importance of aerial 
Pythium infections requires further investigation. 
 
Summary 
 
At the start of this study, one of the aims was to improve the detection of 
Phytophthora in samples received through the diagnostic clinic. This was to 
improve the service provided to the RHS members and enable a more 
informed answer to queries. Following the outcome of this research the DEN 
method is now used routinely for detection of Phytophthora, rather than apple 
baiting. This has improved the detection of Phytophthora, and identification to 
species level, enabling more enquiries to be answered with a firm diagnosis 
rather than being left ambiguous. This may pave the way for further alternative 
or additional tests to enable or improve the detection and identification of 
diseases where identification based on morphology or culturing is difficult or 
not-possible.  
 
In addition to detecting Phytophthora, it has enabled detection and 
identification of Pythium. Due to the diversity of Pythium species, their 
presence on symptomatic plant tissue did not necessarily implicate them in 
pathogenicity, but being able to identify to species, or species complex, level 
in the majority of cases has resolved many problems. The advisory service 
has greatly benefited from this enhanced service, in particular the improved 
diagnosis it can provide. The change in the way of diagnosis does not 
diminish the importance of skilled plant pathologists, as the symptoms of 
Phytophthora and Pythium could easily be dismissed and experience is still 
required to separate these from general plant ill health. 
 
Identification to species level has enabled the detection of some species not 
previously recorded in the UK, and has also raised our understanding of 
ubiquitous species and their host ranges. Detection of a Phytophthora or 
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Pythium within a garden can be very troubling and many follow-up questions 
from RHS members are concerned with susceptibility of other plants in the 
vicinity. We have been able to build-up a database of Phytophthora and 
Pythium species present in the UK and the plants they were associated with. 
In the absence of any amateur fungicides available as treatment against 
Phytophthora and Pythium, or with which to sterilise soils, the host-association 
data is able to provide some reassurance as the likely resistance of alternative 
plants for replanting. 
 
The list of host plants associated with Phytophthora and Pythium was a 
crucial beginning to understanding the role of these pathogens in UK gardens. 
The wide range of plants from which they have been recovered would raise 
concerns about the futility of gardening once detected. So the outcome of the 
pathogenicity trials was a small step to understanding their potential impact. 
Translating the findings to a garden situation, indicates that the presence of, 
or even an infection by, Phytophthora or Pythium will cause the symptoms 
observed on samples received to the diagnostic clinic. Root rotting, stem 
lesions and foliar lesions could all be seen following infection with 
Phytophthora or Pythium, but they did not necessarily result in the host plant 
suffering dieback or dying. It appears that many other factors are at play and 
disease would occur only if a combination of events occurs. It is likely that 
several factors are required for disease, and I would speculate the three most 
important are; conditions conducive for the pathogen, host plant growing in 
sub-optimal conditions or ‘stressed’ (e.g. environmentally or physically) and 
interactions with other organisms (e.g. soil micro-organisms or endophytes). 
All three of the aforementioned factors can be easily addressed in gardens by 
using cultural practices. Managing, not eradication, is the key to successfully 
dealing with Phytophthora and Pythium in gardens. This study has looked at 
the effect of conditions at the time of inoculation. Further work is required to 
identify the long-term implications of sub-lethal root infections and the triggers 
that may be result in dieback and plant death. 
 
The work presented here has raised our understanding of Phytophthora and 
Pythium in UK gardens, whilst also extending our broader knowledge of the 
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ecology of these two genera. In addition, it has brought to light the potential of 
Pythium to cause root rot and foliar blights on mature woody plants which has 
not previously been described.  
 
 Page 251
 
 
 
 
 
 
 
 
 
This page has been intentionally left blank.
 Page 252 
Chapter 10: References 
  
References 
 
Abad, Z.G., Abad, J.A. and Creswell, T. (2002) Advances in the integration of 
morphological and molecular characterization in Phytophthora genus: the 
case of P. kelmania and other putative new species. Phytopathology 92 (6 
suppl.):S1 
 
Abad, Z.A., Abad, J.A. and Creswell, T. (2006) Species of Phytophthora and 
Pythium identified in a long term collection from North Carolina. 
Phytopathology 96:S1 
 
Abad, Z.G., Ivors, K.L., Gallup, C.A., Abad, J.A. and Shew, H.D (2011) 
Morphological and molecular characterization of Phytophthora glovera sp. 
nov. from tobacco in Brazil. Mycologia 103:341-350 
 
Abad, G., Shew, H.D., Grand, L.F. and Lucas, L.T. (1995) A new species of 
Pythium producing multiple oospores isolated from bentgrass in North 
Carolina. Mycologia. 87:896-901 
 
Abel C. (2009) New blight strain demands extra vigilance. Farmers Weekly 
Interactive http://www.fwi.co.uk/Articles/2009/04/05/114942/new-blight-strain-
demands-extra-vigilance.html 
 
Agrios G.N. (2005) Plant Pathology. Academic Press. 
 
Akilli, S., Ulubas Serce, C., Katircioglu, Y.Z. and Maden, S. (2013) Does 
Pythium anandrum contribute to the dieback of sessile oak (Quercus petraea) 
in Turkey? Forest Pathology. Article first published online: 24 MAY 2013 
DOI: 10.1111/efp.12053 
 
 Page 253
Ali-Shtayeh M.S., MacDonald J.D. and Kabashima J. (1991) A method for 
using commercial ELISA tests to detect zoospores of Phytophthora and 
Pythium species in irrigation water. Plant Disease 75:305-311 
 
Allain-Boulé N., Tweddell R., Mazzola M., Belanger R and Lévesque C.A. 
(2004) Pythium attrantheridium sp. nov.: Taxonomy and comparison with 
related species. Mycological Research 108:795-805 
 
Angelov, P., Kantardjiev, T., Levterova, V., Zamfirova, E., Lesseva, M. 
Vacheva, R., Bobcheva, S. and Shopova, E. (2007) Touchdown PCR as a 
tool for improved detection of invasive candidosis. Presented at 17th European 
Congress of Clinical Microbiology and Infectious Diseases, 31st March – 3rd 
April 2007. 
 
Anon (2006a) Detection of Phytophthora ramorum in watercourses. Defra 
funded research. PH 0317 
 
Anon (2006b) Phytophthora ramorum. OEPP/EPPO Bulletin 36:145-155 
 
Anon (2009a) Online Glossary 
http://www.plantpath.cornell.edu/glossary/Defs_H.htm. 
 
Anon (2009b) http://www.wildaboutgardens.org/Gardening/ 
 
Anon (2009c) http://www.bgci.org/garden.php?id=275 
 
Anon (2009d) http://www.plantlife.org.uk/uk/plantlife-campaigning-change-
invasive-plants.html 
 
Anon (2013a) Phytophthora disinfection procedures. The Royal Botanic 
Gardens & Domain trust website. 
http://www.rbgsyd.nsw.gov.au/plant_info/pests_diseases/phytophthora_dieba
ck/phytophthora_disinfection_procedures 
 
 Page 254 
Anon (2013b) Oxford dictionary online, 
http://oxforddictionaries.com/definition/english/garden 
 
Aragaki, M., J. Y. Uchida (2001): Morphological distinctions between 
Phytophthora capsici and P. tropicalis sp. nov. Mycologia 93, 137–145. 
 
Atkins S. D. and Clark I. M. (2004) Fungal molecular diagnostics: a mini 
review. Journal of Applied Genetics 45:3-15 
 
Aylor D. E. (2003) Spread of plant disease on a continental scale: role of 
aerial dispersal of pathogens. Ecology 84:1989-1997 
 
Bala K., Gautam N. and Paul B. (2006) Pythium rhizo-oryzae sp. nov. isolated 
from paddy fields: Taxonomy, ITS region of rDNA, and comparison with 
related species. Current Microbiology 52:102-107 
 
Bala, K., Robideau, G.P., Lévesque, C.A., (2010) Phytopythium Abad, de 
Cock, Bala, Robideau, Lodhi & Lévesque, gen. nov. and Phytopythium 
sindhum Lodhi, Shahzad & Lévesque, sp. nov. Persoonia, 24:136–137 
 
Balci Y. and Halmschlager E. (2003a) Incidence of Phytophthora species in 
oak forests in Austria and their possible involvement in oak decline. Forest 
Pathology 33:157-174 
 
Balcì Y. and Halmschlager E. (2003b) Phytophthora species in oak 
ecosystems in Turkey and their association with declining oak trees. Plant 
Pathology 52: 694-702 
 
Balci, Y. (2013) Techniques of isolation (traditional), preservation, 
pathogenicity experiments and collecting the right data for species description. 
Presentation at 5th International Phytophthora, Pythium and related genera 
workshop. 24-25th August, Beijing, China. 
 
 Page 255
Belbahri L., Calmin G., Strucker M and Lefort F. (2004) Real time PCR for 
detection of Phytophthora species in environmental plant samples. Poster at 
3rd International Meeting on Phytophthoras in forests and natural ecosystems. 
Sept, Freising, Germany. 
 
Bertier, L., Brouwer, H., de Cock, A.W.A.M., Cooke, D.E.L. and Olsson, 
C.H.B. (2013) The expansion of Phytophthora clade 8b: three new species 
associated with winter grown vegetable crops. Persoonia. 31:63-76 
 
Bezuidenhout, C.M., Denman, S., Kirk, S.A., Botha, W.J., Mostert, L., & 
McLeod, A. (2010). Phytophthora taxa associated with cultivated Agathosma 
with emphasis on the P. citricola complex and P. capensis sp. nov. Persoonia 
25:32-49 
 
Bilodeau G.J., Lévesque C.A., de Cock A.W.A.M., Duchaine C., Briére S., 
Uribe P., Martin F.N. and Hamelin R.C. (2007) Molecular detection of 
Phytophthora ramorum by real-time polymerase chain reaction using Taqman, 
SYBR green and molecular beacons. Phytopathology 97:632-642 
 
Blair J.E., Coffey M.D., Park S.J., Geiser D.M. and Kang S. (2008) A multi-
locus phylogeny for Phytophthora utilizing markers derived from complete 
genome sequences. Fungal Genetics and Biology 45:266-277 
 
Blok I. (1970) Pathogenicity of Pythium sylvaticum. Netherlands Journal of 
Plant Pathology 76:296-298 
 
Bonants P.J.M, Hagenaar De Veerdt M., Van Gent-Pelzer M.P., Lacourt I., 
Cooke D.E.L. and Duncan J.M. (1997) Detection and Identification of 
Phytophthora fragariae Hickman by the polymerase chain reaction. European 
Journal of Plant Pathology 103:345-355  
 
Bonants P.J.M., van Gent-Pelzer M.P.E., Hooftman R., Cooke D.E.L., Guy 
D.C. and Duncan J.M. (2004) A combination of baiting and different PCR 
formats, including measurement of real-time quantitative fluorescence, for the 
 Page 256 
detection of Phytophthora fragariae in strawberry plants. European Journal of 
Plant Pathology 110:689-702 
 
Brasier C.M. (2008). Phytophthora biodiversity:How many Phytophthora 
species are there? In Proceedings of the 4th IUFRO Workshop on 
Phytophthoras in Forests and Natural Ecosystems (E. Goheen ed).USDA 
Forest Service. 
 
Brasier, C.M. (2008b) The biosecurity threats to the UK and global 
environment from international trade in plants. Plant Pathology 5:792-808 
 
Brasier, C.M., Cooke, D.E.L., Duncan, J.M. and Hansen, E.M. (2003) Multiple 
new phenotypic taxa from trees and riparian ecosystems in Phyotphthora 
gonapodyides-megasperma ITS Clade 6, which tend to be high-temperature 
tolerant and either inbreeding or sterile. Mycological Research 107:277-290 
 
Brasier C.M., Kirk S.A., Delcan J., Cooke D.E.L., Jung T. and Man In’t Veld 
W.A. (2004) Phytophthora alni sp.nov. and its variants:designation of 
emerging heteroploid pathogens spreading on Alnus trees. Mycological 
Research 108:1172-1184 
 
Brickell, C. (1996) A-Z encyclopedia of garden plants. Dorling Kindesly Ltd. 
 
Bridge P.D., Newsham K.K. and Denton G.J. (2008) Snow mould caused by 
Pythium sp.: a potential plant vascular pathogen in the maritime Antarctic. 
Plant Pathology 57:1066-1072 
 
Brown, J. K. M. and Hovmoller, M. S. (2002) Aerial dispersal of pathogens on 
the global and continental scales and its impact on plant disease. Science. 
297: 537-541 
 
Burgess, T. I., Webster, J. L., Ciampini, J. A., White, D., Hardy, G. E. StJ., and 
Stukely, M. J. C. (2009) Re-evaluation of Phytophthora species isolated 
 Page 257
during 30 years of vegetation health surveys in Western Australia using 
molecular techniques. Plant Disease 93:215-223. 
 
Cacciola, S.O., Spica, D., Cooke, D.E.L., Raudino, F., and Magnano di San 
Lio, G. (2006) Wilt and collapse of Cuphea ignea caused by Phytophthora 
tropicalis in Italy. Plant Disease 90:680 
 
Cahill D.M. and Hardham A.R. (1994) Exploitation of zoospores taxis in the 
development of a novel dipstick immunoassay for the specific detection of 
Phytophthora cinnamomi. Phytopathology 84:193-199 
 
Carlile M.J. (1983) Motility, taxis and tropism in Phytophthora. From 
Phytophthora: Its Biology, Taxonomy, Ecology and Pathology. APS Press, St 
Paul, Minnesota. 
 
Causin R., Scopel C., Grendene A. and Montecchio L. (2005) An improved 
method for the detection of Phytophthora cactorum (LC) Schroeter in infected 
plant tissues using scar markers. Journal of Plant Pathology 87:607-611 
 
Cavalier-Smith, T. (1986) The kingdom Chromista: origin and systematics. In: 
F.E.Round and D.J.Chapman, eds. Progress in Phycological Research. 
BioPress Ltd. Bristol, UK. 4:309-347 
 
Cavalier-Smith, T. (2010) Kingdoms Protozoa and Chromista and the eozoan 
root of the eukaryotic tree. Biology Letters 6:342-345 
 
Cline, E.T., Farr, D.F. and Rossman, A.Y. (2008) A synopsis of Phytophthora 
with accurate scientific names, host range, and geographic distribution. 
Online. Plant Health Progress doi: 10.1094/PHP-2008-0318-01-RS 
 
Coelho C., Cravador A., Bollen A., Ferraz J., Moreira A., Fauconnier C., and 
Godfroid E. (1997) Highly specific and sensitive non-radioactive detection of 
Phytophthora cinnamomi. Mycological Research 101:1499-1507 
 
 Page 258 
Cooke D.E.L., Drenth A., Duncan J.M., Wagels G. and Brasier C.M. (2000) A 
molecular phylogeny of Phytophthora and related oomycetes. Fungal 
Genetics and Biology 30:17-32 
 
Cooke, D.E.L. and Duncan, J.M. (1997) Phylogenetic analysis of 
Phytophthora species based on the ITS1 and OTS2 sequences of ribosomal 
DNA. Mycological Research 101:667-677 
 
Crawley, M.J. (2011) The R book. Wiley ISBN-13:978-0-470-51024-7 (H/B) 
 
Cubey, J. (2013) RHS Plant Finder 2013. Published by The Royal 
Horticultural Society, London. ISBN 978-1-907057-40-3 
 
Cvitanich C. and Judelson, H.S. (2003) A gene expressed during sexual and 
asexual sporulation in Phytophthora infestans is a member of the Puf family of 
translational regulators. Eukaryotic Cell 2:465-473 
 
Czeczuga, B., Muszynska, E., Godlewska, A. , and Mazalska, B. (2007) 
Aquatic fungi and straminipilous organisms on decomposing fragments of 
wetland plants. Mycologia Balcanica 4: 31-44 
 
Davidson, G., Phelps, K., Sunderland, K.D., Pell, J.K., Ball, B.V., Shaw, K.E. 
and Chandler, D. (2003) Study of temperature-growth interactions of 
entomopathogenic fungi with potential for control of Varroa destructor (Acari: 
Mesostigmata) using a nonlinear model of poikilotherm development. Journal 
of Applied Microbiology 94:816-825 
 
de Cock, A.W.A.M., Neuvel, A., Bahnweg, G., de Cock, J.C.J.M. and Prell, 
H.H. (1992) A comparison of Morphology, Pathogenicity and Restriction 
Fragment Patterns of Mitochondrial DNA among isolates of Phytophthora porri 
Foister. Neth. J. Pl. Path. 98:277- 289 (Amended protocol as used by www.q-
bank.eu) 
 
 Page 259
de Cock A.W.A.M and Lévesque A.L. (2004) New species of Pythium and 
Phytophthora. Studies in Mycology. 50:481-487 
 
de Cock A.W.A.M., Mendoza L., Padhye A.A., Ajello L. and Kaufman L. 
(1987) Pythium insidiosum sp. nov., the etiologic agent of pythiosis. Journal of 
Clinical Microbiology 25:344–349 
 
de Cock, A.W.M., Abad, G., Lévesque, A., Robideau, G. and Brouwer, H. 
(2008) Pythium: morphological taxonomy after the molecular revision. 
Presentation at “Third International Phytophthora, Pythium and related genera 
workshop: Integration of Traditional and Modern Approaches for Investigating 
the Taxonomy and Evolution of the Oomycetes” Turin, Italy August 23-24, 
2008 
 
Denman, S., Moralejo, E., Kirk, S.A., Orton, E. and Whybrow, A. (2007) 
Spourlation of Phytophthora ramorum and P. kernoviae on asymptomatic 
foliage and fruit. Proceedings of the Sudden Oak Death Third Science 
Symposium. March 5-9, Santa Rosa, California. pp 201-207 
[http://www.fs.fed.us/psw/publications/documents/psw_gtr214/psw_gtr214_20
1-207_denman.pdf] 
 
Denton, G.J., Denton, J., Waghorn, I., Henricot, B., Archer, S., Moffert, J. and 
Man in’t Veld, W. (2012) New Phytophthora species in clade 2. Presenting 
poster at the Xth working shop on ‘Phytophthora in Forest and trees. Valencia, 
Spain. 
 
Dick, M.W. (1990) Keys to Pythium. ISBN 07049 0414 4 
 
Dick M.W. (1990) Phylum Oomycota. In Handbook of Protoctista (Margulis L., 
Corliss J.O., Melkonian M. and Chapman J.D. Eds.) pp 661-685. Jones and 
Bartlett, Boston. 
 
Dick, M.W. (2001) Straminipilous Fungi. Kluwer Academic Publishers. ISBN 0-
7923-6780-4 
 Page 260 
 Dick M.W. and Ali-Shtayeh M.S (1986) Distribution and frequency of Pythium 
species in parkland and farmland soils. Transactions of the British Mycological 
Society 86:49-62 
 
Donahoo, R.S. and Lamour, K.H. (2008) Interspecific hybridization and 
apomixes between Phytophthora capsici and Phytophthora tropicalis. 
Mycologia 100:911-920 
 
Dos Santos, A.F., Luz, E.D.M.N. and De Souza, J.T. (2006) First report of 
Phytophthora boehmeriae on black wattle in Brazil. Plant Pathology 55:813 
 
Drenth A., Wagels G., Smith B., Sendall B., O’Dywer C., Irvine G. and Irwin 
J.A.G.(2006) Development of a DNA-based method for detection and 
identification of Phytophthora species. Australasian Plant Pathology 35:147-
159 
 
Duncan J. and Cooke D. (2002) Identifying, diagnosing and detecting 
Phytophthora by molecular methods. Mycologist 16:59-66 
 
Eden M., Hill R. and Galpoththage M. (2000) An efficient baiting assay for 
quantification of Phytophthora cinnamomi in soil. Plant Pathology 49:515-522 
 
El-Hamalawi Z.A. and Menge J.A. (1994) Effect of root infection by 
Phytophthora citricola on Avocado root rot caused by Phytophthora 
cinnamomi. California Avocado Society 1994 Yearbook 78:111-120 
 
Ellis M.A., Miller S.A., Schmitthenner A.F. and Cochran K.D. (1992) Root rot 
of Taxus spp. in Ohio caused by Phytophthora cinnamomi. Plant Disease 
77:537 
 
Erwin D.C. and Ribeiro O.K. (1996) Phytophthora Diseases Worldwide. APS 
Press. 
 
 Page 261
Eye L.L., Sneh B. and Lockwood J.L. (1978) Isolation and identification of 
Phytophthora megasperma var. sojae from soil using soybean seedlings as 
baits (Abstract). Proc American Phytopathological Society 3:239 
 
Farr D.F. and Rossman A.Y. (2006-2013) Fungal Databases, Systematic 
Mycology and Microbiology Laboratory, ARS, USDA. Online database 
information retrieved from http://nt.ars-grin.gov/fungaldatabases/ 
 
Ferguson A.J. and Jeffers S.N. (1999) Detecting multiple species of 
Phytophthora in container mixes from ornamental crop nurseries. Plant 
Disease 83:1129-1136 
 
Förster H. and Coffer M.D. (1993) Molecular taxonomy of Phytophthora 
megasperma based on mitochondrial and nuclear DNA polymorphisms. 
Mycological Research 97:1101-111 
 
Franci, L.J. (2001) The disease triangle: a plant pathological paradigm 
revisited. The Plant Health Instructor. DOI: 10.1094/PHI-T-2001-0517-01 
[http://www.apsnet.org/edcenter/instcomm/TeachingArticles/Pages/DiseaseTri
angle.aspx] 
 
García- Pedrajas M.D., Bainbridge B.W., Heale J.B., Pérez-Artés E. and 
Jiménez-Díaz R.M. (1999) A simple PCR-based method for the detection of 
chickpea-wilt pathogen Fusarium oxysporum f.sp. ciceris in artificial and 
natural soils. European Journal of Plant Pathology 105:251-259 
 
Garzón C.D., Geiser D.M. and Moorman G.W. (2005) Diagnosis and 
Population analysis of Pythium species using AFLP fingerprinting. Plant 
Disease 89:81-89 
 
Garzón, C.D., Yanez, J.M.,and Moorman, G.W. (2007). Pythium 
cryptoirregulare, 
a new species within the P. irregulare complex. Mycologia 99: 291-301. 
 
 Page 262 
Gerlach, W.W.P and Schubert, R. (2001) A new wilt of Cyclamen caused by 
Phytophthora tropicalis in Germany and the Netherlands. Plant Disease 
85:334 
 
Ghosh, R., Datta, M. and Purkayastha, R.P. (2006) Intraspecific strains of 
Pythium aphindermatum induced disease resistance in ginger and response 
of host proteins. Indian Journal of Experimental Biology. 44:68-72 
 
Gray, L. (2012) Gardeners blamed for spreading potato blight. The Telegraph 
online. http://www.telegraph.co.uk/gardening/9609742/Gardeners-blamed-for-
spreading-potato-blight.html 
 
Green, S., Hendry S.J., MacAskill, G.A., Laue, B.E., and Steele., H. (2012) 
Dieback and mortality of Juniperus communis in Britain associated with 
Phytophthora austrocedrae. New Disease Reports 26:2. 
[http://dx.doi.org/10.5197/j.2044-0588.2012.026.002] 
 
Greslebin A.G., Hansen E.M. and Sutton W. (2007) Phytophthora 
austrocedrae sp. nov., a new species associated with Austrocedrus chilensis 
mortality in Patagonia (Argentina). Mycological Research 111 (3):308-316 
 
Grote D., Olmos A., Kofoet A., Tuset J., Bertolini E. and Cambra M. (2002) 
Specific and sensitive detection of Phytophthora nicotianae by simple and 
nested-PCR. European Journal of Plant Pathology 108:846-854 
 
Hansen E.M., Brasier C.M., Shaw D.S. and Hamm P.B. (1986) The taxonomic 
structure of Phytophthora megasperma: Evidence for emerging biological 
species groups. Transactions of the British Mycological Society 87:557-573 
 
Hantula J., Lilha A. and Parikka P. (1997) Genetic variation and host 
specificity of Phytophthora cactorum isolated in Europe. Mycological 
Research 101:565-572 
 
 Page 263
Hardham A.R. (1987) Microtubules and the flagellar apparatus in zoospores 
and cysts of the fungus Phytophthora cinnamomi. Protoplasma 137:109-124 
 
Hardham A.R. (2007) Minireview: Cell biology of plant-oomycete interactions. 
Cellular Microbiology 9:31-39 
 
Harrison J.G., Barker H., Lowe R. and Rees E.A. (1990) Estimation of 
amounts of Phytophthora infestans in leaf tissue by enzyme-linked 
immunosorbent assay. Plant Pathology 39:274-277 
 
Harvey, P.R., Butterworth, P.J., Hawke, B.G. and Pankhurst, C.E. (2000) 
Genetic variation among populations of Pythium irregulare in southern 
Australia. Plant Pathology 49: 619-627. 
 
Harvey, P.R., Butterworth, P.J., Hawke, B.G. and Pankhurst, C.E. (2001) 
Genetic and pathogenic variation among cereal, medic and subclover isolates 
of Pythium irregulare. Mycological Research 105:85-93. 
 
Hau W., Zheng X.B. and Ko W.H. (2003) Effect of culture origin on chemical 
stimulation of sexual reproduction in Phytophthora and Pythium. Botanical 
Bulletin of Academia Sinica 44:323-328 
 
Hayden K., Ivors K., Wilkinson C. and Garbelotto M. (2006) TaqMan 
chemistry for Phytophthora ramorum detection and quantification, with a 
comparison of diagnostic methods. Phytopathology 98:846-854. 
 
Hedin, M.C. and Maddison, W.P. (2001) A combined molecular approach to 
phylogeny of the jumping spider subfamily Dendryphantinae (Araneae, 
Salticidae). Molecular Phylogenetic Evolution 18:386-403 
 
Henricot B. and Culham A. (2002). Cylindrocladium buxicola, a new species 
affecting Buxus spp., and its phylogenetic status. Mycologia 94:980-997 
 
 Page 264 
Henricot, B., Denton,J., Scrace J., Barnes, A.V. and Lane, C.R. (2009) 
Peronospora belbahrii causing downy mildew disease on Agastache in the 
UK: a new host and location for the pathogen. New Disease Reports 20:26 
 
Ho, H.H., Chen, X.X., Zeng H.C. and Zheng F.C (2012) The occurrence and 
distribution of Pythium species on Hainan Island of South China. Botanical 
Studies. 53:525-534 
 
Hocking D. (1970) Pythium intermedium, a newly recognized pathogen of 
coniferous seedlings in Canada. Canadian Plant Disease Survey 50:121-123 
 
Hodgson W.A. and Grainger P.N. (1964) Culture of Phytophthora infestans on 
artificial media prepared from rye seeds. Canadian Journal of Plant Science 
44:583 
 
Hoestra H. (1965) Thielaviopsis basicola, a factor in the cherry replant 
problem in the Netherlands. European Journal of Plant Pathology 71:180-182 
 
Huang H., Jeffers S.N., Layne D.R. and Schnabel G. (2004) AFLP analysis of 
Phytophthora cactorum isolates from strawberry and other hosts: Implications 
for identifying the primary source of inoculum. Plant Disease 88:714-720 
 
Hughes K.J.D., Tomlinson J.A., Griffin R.L. Boonham N., Inman A.J. and Lane 
C.R. (2006) Development of a one-step real-time polymerase chain reaction 
assay for diagnosis of Phytophthora ramorum. Phytopathology 96:975-981 
 
Ioos R., Laughustin L., Schenck N., Rose S., Husson C. and Frey P. (2006) 
Usefulness of single copy genes containing introns in Phytophthora for the 
development of detection tools for the regulated species P. ramorum and P. 
fragariae. European Journal of Plant Pathology 116:171-176 
 
Ippolito A., Scheena L. and Nigro F. (2002) Detection of Phytophthora 
nicotinae and P. citrophthora in citrus roots and soils by nested PCR. 
European Journal of Plant Pathology 108:855-868 
 Page 265
 Ippolito A., Schena L., Nigro F., Ligorio V.S. and Yaseen T. (2004) Real time 
detection of Phytophthora nicotianae and P. citrophthora in citrus roots and 
soil. European Journal of Plant Pathology 110:833-843 
 
Ivors K.L., Hayden K.J., Bonants P.J.M., Rizzo D.M. and Garbelotto M. (2004) 
AFLP and phylogenetic analysis of North American and European populations 
of Phytophthora ramorum. Mycological Research 108:378-392 
 
Jasalavich C.A., Ostrofsky A. and Jellison J. (2000) Detection and 
identification of decay fungi in Spruce wood by restriction fragment length 
polymorphism analysis of amplified genes encoding rRNA. Applied and 
Environmental Microbiology 66:4725-4734 
 
Jee H. J. and Ko W. H. (1998) Phytophthora cactorum can synthesize 
substances needed for sexual reproduction but requires a stress factor to 
trigger the process. Microbiology 144:1071-1075 
 
Jeffers S.N. and Martin S.B. (1986) Comparison of two media selective for 
Phytophthora and Pythium species. Plant Disease 70:1038-1043 
 
Johnson, T.W.Jr. (1971) Aquatic fungi of Iceland: Pythium. Mycologia 63: 517-
536 
 
Jones, A.L. and Aldwinckle, H.S. (1997) Compendium of Apple and Pear 
diseases. The American Phytopathological Society, St Paul, Minnesota, USA 
 
Jones D.R. and Baker R.H.A (2007) Introductions of non-native plant 
pathogens into Great Britain, 1970-2004. Plant Pathology 56:891-910 
  
Jones, R.K. and Benson, D.M. [editors] (2001) Diseases of woody 
ornamentals and tree in nurseries. The American Phytopathological Society 
(St Paul). 
 
 Page 266 
Jones J., Writer J., Shaw T., Britten K., Bennett A.R. and Green J. (2005) 
Plant disease caused by Phytophthora ramorum: A national strategic plan for 
USDA United States Department of Agriculture. 
 
Judelson H. S. and Blanco F. A. (2003) The Spores of Phytophthora: 
Weapons of the plant destroyer. Microbiology 3:47-58 
 
Jung T. (2009) Beech decline in Central Europe driven by the interaction 
between Phytophthora infections and climatic extremes. Forest Pathology 
39:73-94 
 
Jung T. and Blaschke M. (2004) Phytophthora root and collar rot of alders in 
Bavaria: distribution, modes of spread, and possible management strategies. 
Plant Pathology 53:197-208 
 
Jung T. and Burgess T.I (2009) Re-evaluation of Phytophthora citricola 
isolates from multiple woody hosts in Europe and North America reveals a 
new species, Phytophthora plurivora sp. nov. Persoonia 22:95-110 
 
Jung T., Stukely M.J.C., St.J. Hardy G.E., White D., Paap T., Dunstan W.A. 
and Burgess T.I. (2011) Multiple new Phytophthora species from ITS Clade 6 
associated with natural ecosystems in Australia: Evolutionary and ecological 
implications. Persoonia 26:13-39 
 
Kannwischer M.E. and Mitchell D.J. (1978) The influence of a fungicide on the 
epidemiology of black shank of tobacco. Phytopathology 68:1760-1765 
 
Kox L.F.F., van Brouwershaven I.R., van de Vossenberg B.T.L.H., van den 
Beld H.E., Bonants P.J.M. and de Gruyter J. (2007) Diagnostic values and 
utility of immunological, morphological, and molecular methods for in planta 
detection of Phytophthora ramorum. Phytopathology 97:1119-1129 
 
Kroon L.P.N.M., Bakker F.T., van der Bosch G.B.M., Bonants P.J.M. and Flier 
W.G. (2004) Phylogenetic analysis of Phytophthora species based on 
 Page 267
mitochondrial and nuclear DNA sequences. Fungal Genetics and Biology 
41:766-782 
 
Kroon, L. P. N. M., Brouwer, H., de Cock, A. W. A. M., and Govers, F. 2012. 
The genus Phytophthora anno 2012. Phytopathology 102:348-364. 
 
Kucharek T. and Mitchell D. (2000) Diseases of agronomic and vegetable 
crops caused by Pythium. Plant Pathology Fact Sheet, University of Florida. 
 
Lacourt I. and Duncan J.M. (1997) Specific detection of Phytophthora 
nicotianae using the polymerase chain reaction and primers based on the 
DNA sequence of its elicitin gene para1. European Journal of Plant Pathology 
103:73-83 
 
Laing SAK & Deacon JW (1991) Video microscopical comparison of 
mycoparasitism by Pythium oligandrum, P. nunn and an unnamed Pythium 
species. Mycological Research 95, 469-479. 
 
Lane, C.R., Beales, P.A., O’Neill, T.M., McPherson, G.M., Finlay, A.R., David, 
J., Constantinescu, O. and Henricot B. (2004) First report of Impatiens downy 
mildew (Plasmopara obducens) in the UK. New Disease Reports 10:13 
 
Lane, C.R., Beales, P.A., Hughes, K.J.D., Tomlinson, J.A., Inman, A.J. and 
Warwick, K. (2004) First report of Ramorum dieback (Phytophthora ramorum) 
on container-grown English yew (Taxus baccata) in England. New Disease 
Reports. 8:36 
 
Lane, C.R., Hobden, E., Walker, L., Barton, V.C., Inman, A.J., Hughes, K.J.D., 
Swan, H., Colyer, A. and Barker, I. (2007) Evaluation of a rapid diagnostic 
field test kit for identification of Phytophthora species, including P. ramorum 
and P. kernoviae at the point of inspection. Plant Pathology 56:828-835 
 
Larkin R.P., Ristaino J.B. and Campbell C.L. (1995) Detection and 
quantification of Phytophthora capsici in soil. Phytopathology 85:1057-1063 
 Page 268 
 Laurenne N.M., Broad, G.R. and Quicke, D.L.J. (2006) Direct optimization and 
multiple alignment of 28S D2–3 rDNA sequences: problems with indels on the 
way to a molecular phylogeny of the cryptine ichneumon wasps (Insecta: 
Hymenoptera). Cladistics. 22:442–473. 
 
Lee, S. and Moorman, G.W, (2008) Identification and characterization of 
simple sequence repeat markers for Pythium aphanidermatum, P. 
cryptoirregulare, and P. irregulare and the potential use in Pythium population 
genetics. Current Genetics 53:81-93 
 
Le Floch, G., Rey, P., Benizri, E., Benhamou, N. and Tirilly, Y. (2003) Impact 
of auxin-compounds produced by antagonistic fungus Pythium oligandrum or 
the minor pathogen Pythium group F on plant growth. Plant and Soil. 257:459-
470 
 
Leonian, L.H. (1936) Effects of auxins from green algae upon Phytophthora 
cactorum. Botanical Gazette. 97:854-859 
 
Lévesque C.A and de Cock W.A.M. (2004) Molecular phylogeny and 
taxonomy of the genus Pythium. Mycological Research 108:1363-1383 
 
Lévesque C.A., Robideau, G., Désaulniers, N., Bala, K., Chen, W., Tambong, 
J.T. and de Cock W.A.M. (2008) Molecular phylogeny, barcoding and ecology 
of Pythium species. Presentation at 3rd International Phytophthora and 
Pythium workshop, 23rd - 24th August, Turin, Italy.  
 
Lifshitz, R., Sneh, B. and Baker, R. (1984) Soil suppressiveness to a plant 
pathogenic Pythium species. Phytopathology 74:1054-1061 
 
Lockley,D., Turner, J., Humphries, G. and Jennings P. (2007) Monitoring 
Phytophthora ramorum in soil, leaf litter, rain traps and watercourses in an 
historical Cornish garden. Proceedings of the Sudden Oak Death Third 
Science Symposium. March 5-9, Santa Rosa, California 
 Page 269
 Locke J.C., Papavizas G.C., Lewis J.A., Lumsden R.D. and Kantzes J.G. 
(1983) Control of Pythium blight of snap beans by seed treatments with 
systemic fungicides. Plant Disease 67:974-977 
 
Lou, B., Wang, A., Lin, C.H., Xu, T. and Zheng, X. (2011) Enhancement of 
defense responses by oligandrin against Botrytis cinerea in tomatoes. African 
Journal of Biotechnology. 10:11442-11449 
 
MacDonald J.D., Stites J. and Kabashima J. (1990) Comparison of serological 
and culture plate methods for detecting species of Phytophthora, Pythium and 
Rhizoctonia in ornamental plants. Plant Disease 74:655-659 
 
Madsen A.M., Robinson H.L. and Deacon J.W. (1995) Behaviour of zoospore 
cysts of the mycoparasite Pythium oligandrum in relation to their potential for 
biocontrol of plant pathogens. Mycological Research 99:1417-1424 
 
Marks G.C. and Kassaby F.Y. (1974) Detection of Phytophthora cinnamomi in 
soil. Australian Forestry 63:198-203 
 
Martin, F.N. (2000) Phylogenetic relationships among some Pythium species 
inferred from sequence analysis of the mitochondrially encoded cytochrome 
oxidase II gene. Mycologia 92:711-727 
 
Martin, F.N. and Coffey, M.D. (2012) Mitochondrial haplotype analysis for 
differentiation of isolates of Phytophthora cinnamomi. Phytopathology 
102:229-239 
 
Martin F.N. and Hancock J.G. (1986) Association of Chemical and Biological 
Factors in soils suppressive to Pythium ultimum. Phytopathology 76:1221-
1231 
 
 Page 270 
Martin F.N. and Tooley P.W. (2003) Phylogenetic relationships among 
Phytophthora species inferred from sequence analysis of the mitochondrially-
encoded cytochrome oxidase I and II genes. Mycologia 95:269-284 
 
Martin F.N., Tooley P.W. and Blomquist C. (2004) Molecular detection of 
Phytophthora ramorum, the causal agent of sudden oak death in California, 
and two additional species commonly recovered from diseased plant material. 
Phytopathology 94:621-631 
 
Masago H., Yoshikawa M., Fukada M. and Nakanishi N. (1977) Selective 
inhibition of Pythium spp. on medium for direct isolation of Phytophthora spp. 
from soils and plants. Phytopathology 67:425-428 
 
Matsumoto, C., Kageyama, K., Suga, H. and Hyakumachi, M. (2000). 
Intraspecific DNA polymorphisms of Pythium irregulare. Mycological 
Research, 104:1333-1341 
 
Matsumoto, C., Kageyama, K., Suga, H. and Hyakumachi, M. (1999) 
Phylogenetic relationships of Pythium species based on ITS and 5.8S 
sequences of the ribosomal DNA. Mycoscience 40:321-331 
 
Maurel M., Robin C., Capron G. and Desprez-Loustau M.L. (2001) Effects of 
root damage associated with Phytophthora cinnamomi on water relations, 
biomass accumulation, mineral nutrition and vulnerability to water deficit of 
five oak and chestnut species. Forest Pathology 31:353-369 
 
McDonald J.D., Stites J. and Kabashima J. (1990) Comparison of serological 
and culture plate methods for detecting species of Phytophthora, Pythium and 
Rhizoctonia in ornamental plants. Plant Disease 74:655-659 
 
McDougall K.L., Hardy G.E.St J. and Hobbs R.J. (2002) Distribustion of 
Phytophthora cinnamomi in the northern jarrah (Eucalyptus marginata) forest 
of Western Australia in relation to dieback age and topography. Australian 
Journal of Botany 50(1):107-114 
 Page 271
 McLeod, A., Botha, W.J., Meitz, J.C., Spies, C.F.J., Tewoldemedhin, Y.T., and 
Mostert, L. (2009) Morphological and phylogenetic analyses of Pythium 
species in South Africa. Mycological Research 113:933-951. 
 
Mehrotra R.S. and Aneja K.R. (1990) An Introduction to Mycology. New Age 
International.  
 
Michel A.K. and Winter S. (2009) Tree microhabitat structures as indicators of 
biodiversity in Douglas-fir forests of different stand ages and management 
histories in the Pacific Northwest, U.S.A. Forest Ecology and Management 
257(6):1453-1464 
 
Miller S.A., Korjagin V., Miller S.M., Petersen F.P. Klopmeyer M., Lankow R.K. 
and Grothaus G.D. (1992) Detection and quantification of Phytophthora 
megasperma f. sp. glycinea in field soil by immunoassay. Phytopathology 
79:1139 (Abstract) 
 
Mills S.D., Förster H. and Coffey M.D. (1991) Taxonomic structure of 
Phytophthora cryptogea and P. drechsleri based on isozyme and 
mitochondrial DNA analysis. Mycological Research 95:31-48 
 
Moralejo E., Perez-Sierra A.M., Alvarez L.A., Belbahri L., Lefort F. and 
Descals E. (2009) Multiple alien Phytophthora taxa discovered on diseased 
ornamental plants in Spain. Plant Pathology 58:100-110 
 
Morrison, D.A. and Ellis, J.T. (1997) Effect of nucleotide sequence alignment 
on phylogeny estimations: a case study of 18S rDNAs of Apicomplexa. 
Molecular Biology and Evolution 14: 428e444. 
 
Mostowfizadeh-Ghalamfarsa, R. and Banihashemi, Z. (2005) Identification of 
soil Pythium species in Fars province of Iran. Iranian Journal of Science and 
Technology. (Transaction A) 29:79-87 
 
 Page 272 
Mostowfizadeh-Ghalamfarsa, R., Cooke, D.E.L. and Banihashemi, Z. (2008) 
Phytophthora parsiana sp. nov., a new high-temperature tolerant species. 
Mycological Research 112:783-794 
 
Mostowfizadeh-Ghalamfarsa, R., Panabieres, F., Banihashemi, Z. and Cooke, 
D.E.L. (2010) Phylogenetic relationship of Phytophthora cryptogea Pethybr. 
& Laff and P. drechsleri Tucker. Fungal Biology 114:325-339 
 
Mulligan, D.F.C. and Deacon, J.W. (1992) Detection of presumptive 
mycoparasites in soil placed on host-colonized agar plates. Mycological 
Research 96: 605-608. 
 
Newhook F.J., Waterhouse G.M. and Stamps D.J. (1978) Tabular key to the 
species of Phytophthora de Bary. Mycological Pap. 143. Commonw. Mycol. 
Inst., Kew, Surrey, England. 20 pp. 
 
O’Brien P.A., Williams N. and StJ Hardy G.E. (2009) Detecting Phytophthora. 
Critical Reviews in Microbiology 35:169-181 
 
O’Sullivan E. and Kavanagh J.A. (1992) Characteristics and pathogenicity of 
Pythium spp. associated with damping-off of sugar beet in Ireland. Plant 
Pathology 41:582-590 
 
Ott, M., Zola, J., Aluru, S. and Stamatakis, A. (2007) Large-scale Maximum 
Likelihood-based Phylogenetic Analysis on the IBM BlueGene/L. in 
Proceedings of ACM/IEEE Supercomputing conference 2007 
 
Oudemans P. and Coffey M.D. (1991) A revised systematics of twelve 
papillate Phytophthora species based on isozyme analysis. Mycological 
Research 95:1025-1046 
 
Oudemans P. and Coffey.M.D. (1991) Isozyme comparison within and among 
worldwide sources of three morphologically distinct species of Phytophthora. 
Mycological Research 95:19-30 
 Page 273
 Ozognen H. and Erkilic A. (2002) Growth enhancement and Phytophthora 
blight (Phytophthora capsici Leonian) control by arbuscular mycorrhizal fungal 
inoculation in pepper. Crop Protection 26:1682-1688 
 
Pane, A., Cacciola, S.O., Chimento, A., Allatta, C., and Scibetta, S. (2008) 
First Report of Phytophthora spp. as Pathogens of Pandorea jasminoides in 
Italy. Plant Disease 92:313 
 
Pane, A., Cacciola, S.O., Scibetta, S., Bentivenga, G., and Magnano, G. 
2009. Four Phytophthora species causing foot and root rot of apricot in Italy. 
Plant Disease 93:844 
 
Paul, B. (1992) Pythium cylindrosporum: a new soil fungi from Germany. 
International Journal of Mycology and Lichenology 4:337-345. 
 
Paul B. (2002) Pythium segnitium sp. nov., isolated from Canary Islands – its 
taxonomy, ITS region of rDNA, and comparison with related species. FEMS 
Microbiology Letters 217:207-212 
 
Peters R.D. and Sturz A.V. (2001) Application of a simple freezing method for 
short-term storage of Phytophthora erythroseptica. Canadian Journal of Plant 
Pathology 23:106-109 
 
Peterson, E.K., Hansen, E.M., Sutton, W., Reeser, P.W. and Hulbert J.M. 
(2012) Comparison of the recovery of Phytophthora ramorum from Tanoak 
and California Bay Laurel, and the potential recovery of inoculum in fog. 
Proceedings of the Sudden Oak Death Fifth Science Symposium. June 19-22, 
Petaluma, California 
 
Peterson R.L., Massicotte H.B. and Melville L.H. (2004) Mycorrhizas: 
Anatomy and Cell Biology. CABI Publishing 
 
 Page 274 
Pettitt T.R., Wakeham A.J., Wainwright M.F. and White J.G. (2002) 
Comparison of serological, culture, and bait methods for detection of Pythium 
and Phytophthora zoospores in water. Plant Pathology 51:720-727 
 
Ploetz R.C. and Schaffer B. (1987) Effects of flooding and Phytophthora root 
rot on photosynthetic characteristics of Avocado. Proceedings of Florida State 
Horticultural Society 100:290-294 
 
Picard, K., Ponchet, M., Blein, J.P., Rey, P., Tirilly, Y. and benhamou, N. 
(2000) Oligandrin. A proteinaceous molecule produced by the mycoparasite 
Pythium oligandrum induces resistance to Phytophthora parasitica infection in 
tomato plants. Plant Physiology. 124:379-395 
 
Pintos, C., Rial, C., Aguin, O. and Mansilla, J.P. (2012) First report of 
Phytophthora ilicis causing twig blight on holly in Spain. New Disease Reports 
26:16 
 
Pottorff L.P. and Panter K.L. (1997) Survey of Pythium and Phytophthora spp. 
In irrigation water used by Colorado commercial greenhouses. Horticulture 
Technology 7:153-155 
 
Pscheidt J.W., Burket J.Z., Fischer S.L. and Hamm P.B. (1992) Sensitivity and 
clinical use of Phytophthora-specific immunoassay kits. Plant Disease 76:928-
932 
 
Quicke, D.L.J., Laurenne, N.M., Fitton M.G. and Broad G.R. (2009) A 
thousand and one wasps: a 28S rDNA and morphological phylogeny of the 
Ichneumonidae (Insecta: Hymenoptera) with an investigation into alignment 
parameter space and elision. Journal of Natural History. 43:23-24, 1305-1421 
 
Rajapakse S. and Miller J.C. (1992) Methods for studying vesicular-arbuscular 
mycorrhizal root colonization and related root physical properties. Methods in 
Microbiology 24:302-315  
 
 Page 275
Ramsfield, T.D., Dick, M.A., Beever, R.E. and Horner, I.J. (2007). 
Phytophthora kernoviae – of Southern Hemisphere origin? Proceeding of 4th 
IUFRO Phytophthoras in forests and Natural Ecosystems, August 2007. 
 
Rea, A. J., Burgess, T. I., Hardy, G. E. St J., Stukely, M. J. C. and Jung, T. 
(2011) Two novel and potentially endemic species of Phytophthora associated 
with episodic dieback of Kwongan vegetation in the south-west of Western 
Australia. Plant Pathology 60: 1055-1068 
 
Ribeiro O.K. (1983) Physiology of asexual sporulation and spore germination 
in Phytophthora. From Phytophthora: its Biology, Taxonomy, Ecology and 
Pathology. APS Press, St Paul, Minnesota. 
 
Robideau, G.P., de Cock, A.W.A.M., Coffey, M.D., Voglmayr, H., Brouwer H., 
Bala, K., Chitty, D.W., DeSaulniers, N., Eggertson, Q.A., Gachon, C.M.M., Hu, 
C.H., Kupper, F.C., Rintoul, T.L., Sarhan, E., Verstappen, E.C.P., Zhang, Y., 
Bonants, P.J.M., Ristaino, J.B. and Lévesque, C.A. (2011) DNA barcoding of 
Oomycetes with cytochrome c oxidase subunit I and internal transcribed 
spacer. Molecular Ecology Resources. 11:1002-1011 
 
Robin, C., G. Capron, and M. L. Desprez-Loustau. (2001). Root infection by 
Phytophthora cinnammomi in seedlings of three oak species. Plant Pathology 
50: 708-716 
 
Romero M.A., Sánchez J.E., Jiménez J.J., Belbahri L., Trapero A., Lefort F. 
and Sánchez M.E. (2007) New Pythium taxa causing root rot on 
Mediterranean Quercus species in South-west Spain and Portugal. Journal of 
Phytopathology 155:289-295 
 
Rosenbaum J. (1917) Studies of the genus Phytophthora. Journal of 
Agricultural Research 8:233-276 
 
Ross D. (2002) Ireland: History of a Nation. New Lanark: Geddes & Grosset. 
(p226) 
 Page 276 
 Roy, S (2011) Pythium as a foliar pathogen of dicotyledons. MSc thesis, 
Imperial College. 
 
Ruano G., Fenton W. and Kidd K.K. (1989) Biphasic amplification of very 
dilute DNA samples via ‘booster’ PCR. Nucleic Acids Research 17:5047 
 
Sambrook J., Maniatis T. and Fritsch E.F. (1982) Molecular Cloning: a 
laboratory manual. Cold Spring Harbor Laboratory Press 
 
Sánchez J. and Gallego E. (2000) Pythium spp, present in irrigation water in 
the Poniente region of Almeria (south-eastern Spain). Mycopathologia 150:29-
38 
 
Sánchez J., Sánchez-Cara J. and Gallego E. (2000) Suitability of ten plant 
baits for the rapid detection of pathogenic Pythium species in hydroponic 
crops. European Journal of Plant Pathology 106:209-214 
 
Saunders G.A., Washburn J.O., Egerter D.E. and Anderson J.R. (1988) 
Pathogenicity of fungi isolated from field-collected larvae of the western 
treehole mosquito, Aedes sierrensis (Diptera: Culicidae). Journal of 
Invertebrate Pathology 52:360–363 
 
Scanu, B., Jones, B. and Webber, J.F. (2012) A new disease of Nothofagus in 
Britain caused by Phytophthora pseudosyringae. New Disease Reports 25:27 
 
Schena L., Duncan J.M. and Cooke D.E.L. (2008) Development and 
application of a PCR-based ‘Molecular tool box’ for the identification of 
Phytophthora species damaging forests and natural ecosystems. Plant 
Pathology 57:64-75 
 
Schoolfield, R.M., Sharpe, P.J.H. and Magnuson, C.E. (1981) Non linear 
regression of biological temperature-dependent rate models based on 
absolute reaction-rate theory. Journal of Theoretical Biology 88:719-731 
 Page 277
 Schumann, G.L. (1991) Plant Diseases: their biology and social impact. APS 
press. 397 pages  
 
Scibetta, S., Schena, L., Chimento, A., Cacciola, A.O. and Cooke, D.E.L. 
(2012) A molecular method to assess Phytophthora diversity in environmental 
samples. Journal of Microbiological Methods 88:356-368 
 
Scott P.M., Burgess T.I., Barber P.A., Shearer B.L., Stukely M.J.C, Hardy 
G.E.StJ. and Jung T. (2009) Phytophthora multivora sp. nov., a new species 
recovered from declining Eucalyptus, Banksia, Agonis and other plant species 
in Western Australia. Persoonia 22:1-13 
 
Shafizadeh S. and Kavanagh J. A. (2005) Pathogenicity of Phytophthora 
species and Pythium undulatum isolated from Abies procera Christmas trees 
in Ireland. Forest Pathology 35:444-450 
 
Shaw D.S. (1967) A method of obtaining single-oospore cultures of 
Phytophthora cactorum using live water snails. Phytopathology 57:454 
 
Spies, C.F.J., Mazzola, M., Botha, W.J., van der Rijst, M., Mostert, L. and 
McLeod, A. (2011) Oogonial biometry and phylogenetic analyses of the 
Pythium vexans species group from woody agricultural hosts in South Africa 
reveal distinct groups within this taxon. Fungal Biology 115:157-168 
 
Spies, C.F.J., Mazzola, M., Botha, W.J., Langenhoven, S.D., Mostert, L. and 
McLeod, A. (2011) Molecular analyses of Pythium irregulare isolates from 
grapevines in South Africa suggest a single variable species. Fungal Biology 
115:1210-1224 
 
Spies, C.F.J, Mazzola, M. and McLeod, A. (2011) Characterisation and 
detection of Pythium and Phytophthora species associated with grapevines in 
South Africa. European Journal of Plant Pathology (2011) 131:103–119 [DOI 
10.1007/s10658-011-9791-5] 
 Page 278 
 Stace, C. (1997) Checklist of British native plants. FFF conference on Native 
plants. Linnean Society of London, June 1997 http://www.nhm.ac.uk/nature-
online/life/plants-fungi/postcode-plants/checklist-british-plants.html 
 
Stamatakis, A. (2006) RAxML-VI-HPC: Maximum Likelihood-based 
Phylogenetic Analyses with Thousands of Taxa and Mixed Models. 
Bioinformatics 22:2688–2690 
 
Stamatakis, A., Hoover, P. and Jacques Rougemont, J. (2008) A Rapid 
Bootstrap Algorithm for the RAxML Web-Servers. Systematic Biology 57: 758-
771 (doi: 10.1080/10635150802429642) 
 
Stone, A.G., Scheuerell, S.J. and Darby, H.M. (2004) Suppression of 
soilborne diseases in field agricultural systems: Organic matter management, 
cover cropping, and other cultural practices. Chapter 5 in Soil Organic Matter 
in Sustainable Agriculture. CRC Press 
 
Strouts R.G. (1993) Phytophthora root disease. Arbiculture Research Note, 
58/93/PATH 
 
Strouts R.G. and Winter T.G. (1994) Diagnosis of Ill-Health in Trees. 
Research for Amenity Trees no. 2. HMSO/Forestry Commission, London, UK. 
 
Suffert F. and Guibert M. (2007) The ecology of a Pythium community in 
relation to the epidemiology of carrot cavity spot. Applied Soil Ecology 35:488-
501 
 
Swiecki T.J., Bernhardt E. and Garbelotto M. (2005) Distribution of 
Phytophthora cinnamomi within the range of lone Manzanita (Arctostaphylos 
myrtifolia). Phytosphere Research Project Number 2004-0601. pp 1-28 
 
 Page 279
Taylor P.A. (1977) Phytophthora spp. In irrigation water in the Goulburn 
Valley, Victoria. Australian Phytopathology Newsletter 6:41-42. (Review of 
Plant Pathology (1978) 57:2174) 
 
Than, D.J., Hughes, K.J.D., Boonhan, N., Tomlinson, J.A., Woodhal, J.A. and 
Bellgard, S.E. (2013) A TaqMan real-time PCR assay for the detection of 
Phytophthora ‘taxon Agathis’ in soil, pathogen of Kauri in New Zealand. Forest 
Pathology. 43:324-330 
 
Thomas P.A. and Polwart A. (2003) Biological Flora of the British Isles: Taxus 
baccata L. Journal of Ecology. 91:489-524 
 
Thomas R.C. (1943) Composition of fungal hyphae IV: Phytophthora. The 
Ohio Journal of Science 43:135-138 
 
Thomidis, T. (2003) Influence of temperature and bark injuries on the 
development of Phytophthora cactorum and P. citrophthora on peach trees. 
Scientia Horticulturae. 98:347-355 
 
Thompson, K., Austin, K.C., Smith, R.M., Warren, P.H., Angold, P.G. and 
Gaston, K.J. (2003) Urban domestic gardens (I): Putting small-scale diversity 
in context. Journal of Vegetation Science. 14:71-78 
 
Timmer L.W., Menge J.A., Zitko S.E., Pond E., Miller S.A. and Johnson E.L.V. 
(1993) Comparison of ELISA techniques and standard isolation methods for 
Phytophthora detection in Citrus orchards in Florida and California. Plant 
Disease 77:791-796 
 
Tomlinson J.A., Boonham N., Hughes K.J.D., Griffen R.L. and Barker I. (2005) 
On-site DNA extraction and real-time PCR for detection of Phytophthora 
ramorum in the field. Applied and Environmental Microbiology. 71:6702-6710 
 
Torrance L. (1995) Use of monoclonal antibodies in plant pathology. 
European Journal of Plant Pathology 101:351-363 
 Page 280 
 Tsai H.L., Huang L.C., Ann P.J. and Liou R.F. (2006) Detection of orchid 
Phytophthora disease by nested PCR. Botanical Studies 47:379-387 
 
Tsao P.H. (1983) Factors affecting isolation and quantitation of Phytophthora 
from soil. Chapter 17. Phytophthora: Its Biology, Taxonomy, Ecology and 
Pathology. APS Press 
 
Tucker C.M. (1931) Taxonomy of the genus Phytophthora de Bary. Missouri 
Agricultural Experiment Station Research Bulletin 153. 208 pp 
 
Turkensteen, L.J., Flier, W.G., Wanningen, R. and Mulder, A. (2000) 
Production, survival and infectivity of oospores of Phytophthora infestans. 
Plant Pathology. 49:688-696 
 
Turner, J., Jennings, P., Humphries, G., Parker, S., McDonough, D., 
Stonehouse, J., Lockley, D., and Slawson, D. (2007) Natural outbreaks of 
Phytophthora ramorum in the UK - Current status and monitoring update. 
Proceedings of the Sudden Oak Death Third Science Symposium. March 5-9, 
Santa Rosa, California 
 
Uddin A.F.M.J., Senda M., Uematsu S. and Kageyama (2007) Phylogenetic 
relationship of Phytophthora citrophthora isolates based on rDNA internal 
transcribed spacer sequence analysis. International Journal of Integrative 
Biology 1:150-156 
 
Vaartaja, O. (1965) New Pythium species from South Australia. Mycologia 57: 
417-430 
 
Vaartaja, O. (1967) Damping-off pathogens in S. Australia. Phytopathology 
57: 765-768 
 
Vaartaja O. (1975) Pythium sylvaticum in Canadian forest nurseries. 
Canadian Plant Disease Survey 55:101-102 
 Page 281
 van der Plaats-Niterink A.J. (1975) Species of Pythium in the Netherlands. 
Netherlands Journal of Plant Pathology 81:22-37 
 
van der Plaats-Niterink A.J. (1981) Monograph of the genus Pythium. Studies 
in Mycology 21:1-242 
 
Van West P., Appiah A.A. and Gow N.A.R. (2003) Advances in research on 
oomycete rot pathogens. Physiological and Molecular Plant Pathology 62:99-
113 
 
Van West P., Morris B.M., Reid B., Appaih A.A., Osbourne M.C., Campbell, 
T.A., Shepherd S.J. and Gow N.A.R. (2002) Oomycete plant pathogens use 
electric fields to target roots. Molecular Plant-Microbe Interactions 15:790-798 
 
Vélez, M.L., Coetzee, M.P.A., Wingfield, M.J., Rajchenberg, M. and Greslebin, 
A.G. (2013) evidence of low levels of genetic diversity for the Phytophthora 
austrocedrae population in Patagonia, Argentina. Plant Pathology. Doi: 
10.1111/ppa.12067 
 
Vettraino A.M., Brasier C.M., Brown A.V. and Vannini A. (2011) Phytophthora 
himalsilva sp. nov. an unusually phenotypically variable species from a remote 
forest in Nepal. Fungal Biology 115:275-287 
 
Villa, N.O., Kageyama, K., Asano, T. and Suga, H. (2006) Phylogenetic 
relationships of Pythium and Phytopthora species based on ITS rDNA, 
cytochrome oxidase II and beta-tubulin gene sequences. Mycologia. 98:410-
422 
 
Walker C.A. and van West P. (2007) Zoospore development in the 
oomycetes. Fungal Biology Reviews 21:10-18 
 
Waller J.M., Lenné J.M. and Waller S.J. (2001) Plant Pathologist’s Handbook. 
CABI Publishing. 
 Page 282 
 Wang P.H., Chung C.Y., Lin Y.S. and Yeh Y. (2003) Use of polymerase chain 
reaction to detect the soft rot pathogen, Pythium myriotylum, in infected ginger 
rhizomes. Letters in Applied Microbiology. 36:116-120 
 
Wang Y.C., Zhang W.L., Wang Y. and Zheng X.B. (2006) Rapid and sensitive 
detection of Phytophthora sojae in soil and infected soybeans by species-
specific polymerase chain reaction assays. Phytopathology 96:1315-1321 
 
Watanabe, T. (1983) Formation and deciduousness of sporangia of Pythium 
intermedium. Nippon Kingakukai Kaiho:25-34 
 
Watanabe, T. (1989) Further studies on Pythium species isolated from soils 
oin the Ryukyu Islands. Annals of the Phytopathological Society of Japan 
55:349-352 
 
Watanabe, T. (1992) Kinds and distribution of Pythium species isolated from 
soils in South Kinki district. . Annals of the Phytopathological Society of Japan 
58:360-365 
 
Waterhouse, G.M. (1968a) The genus Pythium Pringsheim. Mycological 
Papers No 110. CABI publishing  
 
Waterhouse, G.M. (1968b) Proposal for the conservation of the generic name 
Pythium Pringsheim 1858 (Fungi -Oomycetes: Peronosporales) vs. Pythium 
Nees von Esenbeck in Carus, 1823 (Fungi - Oomycetes: Saprolegniales). - 
Taxon 17: 88. 
 
Waterhouse G.M. (1963) Key to the species of Phytophthora de Bary. 
Mycology Paper. 92. Commonw. Mycol. Inst., Kew, Surrey, England. 22 pp. 
 
Waterhouse G.M., Newhook F.J. and Stamps D.J. (1983) Present criteria for 
classification of Phytophthora. Chapter 10. From Phytophthora: its Biology, 
Taxonomy, Ecology and Pathology. APS Press, St Paul, Minnesota. 
 Page 283
 Webber, J.F., Mullett, M. and Brasier, C.M. (2010) Dieback and mortality of 
plantation Japanese larch (Larix kaempferi) associated with infection by 
Phytophthora ramorum. New Disease Reports 22:19 
[http://dx.doi.org/10.5197/j.2044-0588.2010.022.019] 
 
Webster, J. and Webber, R.W.S. (2007) Introduction to Fungi, 3rd edition. 
Cambridge University Press 
 
Werres S., Marwitz R., Man i’t Veld W.A., de Cock A.W.A.M, Bonants P.J.M., 
De Weerdt M., Themann K., Ilieva E. and Baayen R.P. (2001) Phytophthora 
ramorum sp. nov., a new pathogen on Rhododendron and Viburnum. 
Mycological Research 105:1155-1165 
 
Wheeler, W.C., Gatesy, J. and DeSalle, R. (1995) Elision: a method for 
accommodating multiple molecular sequence alignments with alignment-
ambiguous sites. Molecular Phylogenetics and Evolution. 4:1-9 
 
White T.J., Bruns T., Lee S. and Taylor J. (1990) Amplification and direct 
sequencing of fungal ribosomal RNA genes for phylogenetics. In PCR 
Protocols: A guide to Methods and Applications. Academic Press, San Diego. 
(pp 315-322) 
 
Williams N., StJ Hardy G.E. and O’Brien P.A. (2009) Analysis of the 
distribution of Phytophthora cinnamomi in soil at a disease site in Western 
Australia using nested PCR. Forest Pathology 39:95-109 
 
Wilson B.A., Aberton J. and Cahill D.M. (2000) Relationship between site 
factors and distribution of Phytophthora cinnamomi in the Eastern Otway 
Ranges, Victoria. Australian Journal of Botany 48:247-260 
 
Winter, A. (1966) A hypothetical route for the biogenisis of IAA. Planta 79:229-
239 
 
 Page 284 
Worrall J. J. (date) Structure and Dynamics of Fungal Populations. Kluwer 
Academic Publishers. 
 
Wuber T., Weiß M., Kottke I. and Oberwinkler F. (2003) Morphology and 
molecular diversity of arbuscular mycorrhizal fungi in wild and cultivated yew 
(Taxus baccata). Canadian Journal of Botany. 81:255-266 
 
Yamamoto, Y. (2002) PCR in diagnosis of infection: Detection of bacteria in 
Cerebrospinal fluids. Clinical and Diagnostic Laboratory Immunology 9:508-
514 
 
Zentmyer, G.A., and Munnecke, D.E. (1952) Phytophthora root rot of nursery 
stock. Plant Disease Reporter 36: 211-212 
 
Zentmyer G.A. (1976) Soil-borne pathogens of avocado. Proceeding of the 
First international fruit short course: The Avocado. Pages 75-82 
 
 Page 285
Appendix A: Chapter 3 
Abies Cornus Hypericum Prunus 
Abutilon Corylopsis Ilex Pyracantha 
Acacia Corylus Impatiens Pyrus 
Acer Cotinus Iris Quercus 
Aconitum Cotoneaster Jasminum Restio 
Actaea Crataegus Juglans Rhamnus 
Adenium Crinodendron Juniperus Rhododendron 
Aesculus Crocosmia Kalmia Rhus 
Agapanthus Crocus Laburnum Ribes 
Alnus Cucumis Larix Robinia 
Alstroemeria Cupressus Lathyrus Rosa 
Amaryllis Dahlia Laurus Rosmarinus 
Anemone Daphne Lavandula Rubus 
Anthurium Delphinium Lavatera Rudbeckia 
Arbutus Desfontainia Ligustrum Ruspolia 
Ardisia Drepanostachyum Lobelia Salix 
Asparagus Echium Lonicera Salvia 
Asplenium Elaeagnus Lotus Sambucus 
Aucuba Enkianthus Lupinus Sanchezia 
Begonia Epimedium Lyonothamnus Sarcococca 
Berberidopsis Erica Magnolia Schefflera 
Berberis Eriobotrya Mahonia Schisandra 
Beta Eryngium Malus Schizanthus 
Betula Escallonia Meconopsis Schizophragma 
Bougainvillea Eucalyptus Mimulus Sedum 
Brachyglottis Eucryphia Mitraria Semiarundinaria 
Buddleja Euonymus Mitriostigma Skimmia 
Buxus Eupatorium Morus Sorbus 
Callistemon Euphorbia Myrtus Styphnolobium 
Callistephus Exochorda Nageia Syringa 
Calluna Fagus Nepeta Tagetes 
Camellia Fatsia Nothofagus Taxus 
Carpinus Ficus Olearia Telopea 
Castanea Forsythia Osmanthus Thryptomene 
Catalpa Fragaria Osteospermum Thuja 
Ceanothus Fremontodendron Parthenocissus Tilia 
Cedrus Fritillaria Paulownia Ulex 
Centaurea Fuchsia Pelargonium Ulmus 
Cephalotaxus Garrya Penstemon Vaccinium 
Cercidiphyllum Geranium Petunia Veronicastrum 
Cercis Grevillea Phaseolus Viburnum 
Chaenomeles Griselinia Photinia Vicia 
Chamaecyparis Hamamelis Phylica Vinca 
Choisya Hebe Pieris Vitis 
Cineraria Hedera Pinus Weigela 
Cistus Heliopsis Pisum Wisteria 
Clematis Helleborus Pittosporum xCitrofortunella 
Clerodendron Hibiscus Populus xCuprocyparis 
Clivia Hippophae Primula  
Copernicia Hoheria Prostanthera  
Cordyline Hydrangea Protea  
Table A.1: Host genera from which a positive semi-nested PCR result 
followed by sequencing identified Phytophthora and/or Pythium to be present. 
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Appendix B: Chapter 4 
Sequence used in concatenated analysis Identical Sequence  
Genbank 
reference 
labelled 
Phytophthora 
species 
Genbank 
reference 
Labelled 
Phytopthhora 
species  
gi99032689 
Phytophthora 
cryptogea gi62125840 
Phytophthora 
cryptogea  
  gi60327042 
Phytophthora 
cryptogea  
gi99032680 
Phytophthora 
cryptogea gi8927502 
Phytophthora 
cryptogea  
  gi227811235 
Phytophthora 
cryptogea  
  gi227811230 
Phytophthora 
cryptogea  
  gi227811228 
Phytophthora 
cryptogea  
  gi227811139 
Phytophthora 
cryptogea  
  gi227811038 
Phytophthora 
cryptogea  
  gi227811036 
Phytophthora 
cryptogea  
  gi227810964 
Phytophthora 
cryptogea  
  gi227810958 
Phytophthora 
cryptogea  
  gi227810941 
Phytophthora 
nicotianae a 
  gi227810806 
Phytophthora 
cryptogea  
  gi227810804 
Phytophthora 
cryptogea  
  gi227810802 
Phytophthora 
cryptogea  
  gi227810801 
Phytophthora 
cryptogea  
  gi227810798 
Phytophthora 
cryptogea  
  gi227810780 
Phytophthora 
cryptogea  
  gi227810717 
Phytophthora 
cryptogea  
  gi227810687 
Phytophthora 
cryptogea  
  gi112824367 
Phytophthora 
cinnamomi a 
  gi111620774 
Phytophthora 
cryptogea  
  gi62125841 
Phytophthora 
cryptogea  
  gi57164812 
Phytophthora 
cryptogea  
  gi99032684 
Phytophthora 
cryptogea  
gi8927508 
Phytophthora 
primulae gi227811281 
Phytophthora 
primulae  
  gi227810561 Phytophthora  
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primulae 
  gi227810494 
Phytophthora 
primulae  
gi8927507 
Phytophthora 
brassicae gi270297657 
Phytophthora 
brassicae  
  gi84785857 
Phytophthora 
porri a 
  gi227810600 
Phytophthora 
brassicae  
  gi18920389 
Phytophthora 
brassicae  
  gi18920388 
Phytophthora 
brassicae  
  gi56112354 
Phytophthora 
brassicae  
gi323482775 
Phytophthora 
plurivora gi227455399 
Phytophthora 
plurivora  
  gi227455395 
Phytophthora 
plurivora  
gi323482772 
Phytophthora 
multivora gi310877603 
Phytophthora 
multivora  
  gi227811301 
Phytophthora 
citricola b 
  gi227811224 
Phytophthora 
citricola b 
  gi227810781 
Phytophthora 
citricola b 
  gi227810711 
Phytophthora 
citricola b 
  gi227810533 
Phytophthora 
citricola b 
  gi226374663 
Phytophthora 
multivora  
  gi226374662 
Phytophthora 
multivora  
  gi226374661 
Phytophthora 
multivora  
  gi182676329 
Phytophthora 
citricola b 
  gi390988288 
Phytophthora 
multivora  
  gi354349539 
Phytophthora 
multivora  
  gi354349538 
Phytophthora 
multivora  
  gi354349537 
Phytophthora 
multivora  
  gi354349536 
Phytophthora 
multivora  
  gi354349535 
Phytophthora 
multivora  
  gi354349521 
Phytophthora 
multivora  
gi323482771 
Phytophthora 
multivora gi227811222 
Phytophthora 
citricola b 
  gi227811221 
Phytophthora 
citricola b 
  gi227810621 
Phytophthora 
citricola b 
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  gi226374673 
Phytophthora 
multivora  
  gi226374670 
Phytophthora 
multivora  
  gi226374669 
Phytophthora 
multivora  
  gi226374668 
Phytophthora 
multivora  
  gi226374667 
Phytophthora 
multivora  
  gi226374666 
Phytophthora 
multivora  
  gi226374665 
Phytophthora 
multivora  
  gi226374664 
Phytophthora 
multivora  
gi8927505 
Phytophthora 
medicaginis gi227810415 
Phytophthora 
medicaginis 
  gi16566305 
Phytophthora 
medicaginis 
  gi111620776 
Phytophthora 
medicaginis 
gi317408439 
Phytophthora 
lateralis gi317408438 
Phytophthora 
lateralis  
  gi317408437 
Phytophthora 
lateralis  
  gi317408436 
Phytophthora 
lateralis  
  gi317408435 
Phytophthora 
lateralis  
gi315439444 
Phytophthora 
cambivora gi89203341 
Phytophthora 
cambivora  
gi315439443 
Phytophthora 
plurivora gi227455394 
Phytophthora 
plurivora  
  gi227455393 
Phytophthora 
plurivora  
gi8927504 
Phytophthora 
drechsleri gi58339319 
Phytophthora 
drechsleri  
gi310877606 
Phytophthora sp 2 
FFL2010 gi310770406 
Phytophthora 
taxon salixsoil b/c 
  gi29378642 
Phytophthora 
lacustris b/c 
  gi22535294 
Phytophthora 
lacustris b/c 
  gi74275440 
Phytophthora 
gonapodyides b/c 
  gi74275439 
Phytophthora 
gonapodyides b/c 
  gi182676324 
Phytophthora 
sp 1 FFL2008 b/c 
  gi109675209 
Phytophthora 
sp Ph1 b/c 
  gi109675202 
Phytophthora 
sp P14 b/c 
  gi108945888 
Phytophthora 
sp Ph1 b/c 
  gi108945886 
Phytophthora 
sp P14 b/c 
  gi108945884 
Phytophthora 
sp Ph1 b/c 
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  gi54399592 
Phytophthora 
lacustris b/c 
  gi388540973 
Phytophthora 
taxon salixsoil b/c 
  gi338192053 
Phytophthora 
lacustris b/c 
  gi332649808 
Phytophthora 
lacustris b/c 
gi310877605 
Phytophthora 
gonapodyides gi295315512 
Phytophthora 
gonapodyides 
  gi29378624 
Phytophthora 
gonapodyides 
  gi29378623 
Phytophthora 
gonapodyides 
  gi29378622 
Phytophthora 
gonapodyides 
  gi227811136 
Phytophthora 
gonapodyides 
  gi84785880 
Phytophthora 
gonapodyides 
  gi182676316 
Phytophthora 
gonapodyides 
  gi109675192 
Phytophthora 
gonapodyides 
  gi55585723 
Phytophthora 
gonapodyides 
  gi55585722 
Phytophthora 
gonapodyides 
  gi366091043 
Phytophthora 
gonapodyides 
  gi366091042 
Phytophthora 
gonapodyides 
  gi338192052 
Phytophthora 
gonapodyides 
  gi338192051 
Phytophthora 
gonapodyides 
gi310770414 
Phytophthora sp 
raspberryTIB2010 gi182676323 
Phytophthora 
sp 2 FFL2008 d 
gi8927503 
Phytophthora 
erythroseptica gi295315510 
Phytophthora 
erythroseptica 
  gi227810956 
Phytophthora 
erythroseptica 
  gi227810595 
Phytophthora 
erythroseptica 
  gi227810477 
Phytophthora 
erythroseptica 
  gi227810420 
Phytophthora 
erythroseptica 
  gi111620760 
Phytophthora 
erythroseptica 
  gi409893093 
Phytophthora 
erythroseptica 
gi310770412 
Phytophthora sp 
rosacearumlikeTIB
2010 gi310770408 
Phytophthora sp 
rosacearumlikeTIB20
10 
gi310770410 
Phytophthora sp 
humicolalikeTIB201
0 gi310770409 
Phytophthora sp 
humicolalikeTIB2010 
gi310770405 
Phytophthora taxon 
Pgchlamydo gi29378634 
Phytophthora 
sp P1056 d 
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  gi227811292 
Phytophthora taxon 
Pgchlamydo 
  gi84785866 
Phytophthora 
sp AG34 d 
  gi227810646 
Phytophthora taxon 
Pgchlamydo 
  gi158635194 
Phytophthora taxon 
Pgchlamydo 
  gi158635193 
Phytophthora taxon 
Pgchlamydo 
  gi58041837 
Phytophthora 
gonapodyides b/c 
  gi55585720 
Phytophthora 
sp AG34 d 
  gi55585719 
Phytophthora 
sp AG52 d 
  gi388540971 
Phytophthora taxon 
Pgchlamydo 
  gi388540970 
Phytophthora taxon 
Pgchlamydo 
  gi388540969 
Phytophthora taxon 
Pgchlamydo 
  gi388540968 
Phytophthora taxon 
Pgchlamydo 
  gi388540966 
Phytophthora taxon 
Pgchlamydo 
  gi388540965 
Phytophthora taxon 
Pgchlamydo 
  gi388540963 
Phytophthora taxon 
Pgchlamydo 
  gi388540962 
Phytophthora taxon 
Pgchlamydo 
  gi388540961 
Phytophthora taxon 
Pgchlamydo 
  gi388540960 
Phytophthora taxon 
Pgchlamydo 
  gi388540959 
Phytophthora taxon 
Pgchlamydo 
  gi388540958 
Phytophthora taxon 
Pgchlamydo 
  gi388540957 
Phytophthora taxon 
Pgchlamydo 
  gi388540955 
Phytophthora taxon 
Pgchlamydo 
  gi388540954 
Phytophthora taxon 
Pgchlamydo 
  gi388540951 
Phytophthora taxon 
Pgchlamydo 
  gi388540950 
Phytophthora taxon 
Pgchlamydo 
  gi387965749 
Phytophthora taxon 
Pgchlamydo 
gi310770404 
Phytophthora sp 
personii gi238055031 
Phytophthora 
inundata b/c 
  gi227810815 
Phytophthora 
inundata b/c 
gi310770402 
Phytophthora 
thermophila gi310770401 
Phytophthora 
thermophila  
gi310770399 
Phytophthora 
megasperma gi8927500 
Phytophthora 
megasperma 
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  gi295315524 
Phytophthora 
megasperma 
  gi29378630 
Phytophthora 
megasperma 
  gi227811268 
Phytophthora 
megasperma 
  gi85062456 
Phytophthora 
megasperma 
  gi227811003 
Phytophthora 
megasperma 
  gi227810567 
Phytophthora 
megasperma 
  gi72132898 
Phytophthora 
megasperma 
  gi111620763 
Phytophthora 
megasperma 
gi310770398 
Phytophthora 
litoralis gi226525255 
Phytophthora 
litoralis  
gi310770395 
Phytophthora 
inundata gi310770394 
Phytophthora 
inundata  
  gi8927497 
Phytophthora 
inundata  
  gi295394042 
Phytophthora 
inundata  
  gi295315517 
Phytophthora 
inundata  
  gi29378647 
Phytophthora 
inundata  
  gi29378646 
Phytophthora 
inundata  
  gi29378645 
Phytophthora 
inundata  
  gi227811012 
Phytophthora 
inundata  
  gi182676314 
Phytophthora 
inundata  
  gi146148250 
Phytophthora 
inundata  
  gi146148249 
Phytophthora 
inundata  
  gi58042344 
Phytophthora 
inundata  
  gi58042343 
Phytophthora 
inundata  
  gi58042342 
Phytophthora 
inundata  
  gi58042340 
Phytophthora 
inundata  
  gi58042339 
Phytophthora 
inundata  
  gi58042338 
Phytophthora 
inundata  
  gi58042337 
Phytophthora 
inundata  
  gi58042336 
Phytophthora 
inundata  
gi8927501 
Phytophthora sp 
UQ2141 gi296046597 
Phytophthora 
asparagi b  
  gi227811214 
Phytophthora 
asparagi b 
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  gi227810661 
Phytophthora 
asparagi b 
  gi227810654 
Phytophthora 
asparagi b  
  gi227810653 
Phytophthora 
asparagi b  
  gi154795810 
Phytophthora 
asparagi b  
  gi154795809 
Phytophthora 
asparagi b  
  gi154795807 
Phytophthora 
asparagi b  
  gi154795805 
Phytophthora 
asparagi b  
  gi154795803 
Phytophthora 
asparagi b  
  gi121621919 
Phytophthora 
sp LT b  
  gi99032687 
Phytophthora 
sp VPRI 32026 b  
gi310770392 
Phytophthora 
gregata gi310770391 
Phytophthora 
gregata  
  gi310770390 
Phytophthora 
gregata  
  gi29378637 
Phytophthora 
sp P1049  
gi310770387 
Phytophthora 
gonapodyides gi29378620 
Phytophthora 
gonapodyides 
  gi182676319 
Phytophthora 
gonapodyides 
gi310770385 
Phytophthora 
gibbosa gi310770384 
Phytophthora 
gibbosa  
  gi310770383 
Phytophthora 
gibbosa  
gi99032679 
Phytophthora sp 
P532 gi29378643 
Phytophthora 
sp P532  
  gi84785858 
Phytophthora 
sp P532  
gi308606347 
Phytophthora 
elongata gi308606346 
Phytophthora 
elongata  
  gi308606345 
Phytophthora 
elongata  
  gi308606344 
Phytophthora 
elongata  
  gi308606343 
Phytophthora 
elongata  
  gi140169853 
Phytophthora 
sp VHSC13713 b 
gi306476378 
Phytophthora 
palmivora gi306476377 
Phytophthora 
palmivora  
  gi306476376 
Phytophthora 
palmivora  
  gi306476375 
Phytophthora 
palmivora  
gi8927496 
Phytophthora 
multivesiculata gi295315527 
Phytophthora 
multivesiculata 
  gi227811274 
Phytophthora 
multivesiculata 
  gi227811273 
Phytophthora 
multivesiculata 
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  gi227811272 
Phytophthora 
multivesiculata 
  gi227810657 
Phytophthora 
multivesiculata 
  gi227810647 
Phytophthora 
multivesiculata 
  gi227810625 
Phytophthora 
multivesiculata 
  gi227810598 
Phytophthora 
multivesiculata 
  gi227810555 
Phytophthora 
multivesiculata 
  gi204637889 
Phytophthora 
multivesiculata 
gi305430865 Phytophthora fallax gi305430864 
Phytophthora 
fallax  
gi30425609 
Phytophthora 
palmivora gi53828187 
Phytophthora 
palmivora  
  gi53793877 
Phytophthora 
palmivora  
gi301517368 
Phytophthora 
lateralis gi301517367 
Phytophthora 
lateralis  
  gi301517366 
Phytophthora 
lateralis  
  gi301517365 
Phytophthora 
lateralis  
gi301030427 
Phytophthora 
gonapodyides gi182676317 
Phytophthora 
gonapodyides 
gi30088675 
Phytophthora 
infestans potato 
late blight agent gi295315526 
Phytophthora 
mirabilis  
  gi295315514 
Phytophthora 
infestans potato late 
blight agent 
  gi227811210 
Phytophthora 
infestans potato late 
blight agent 
  gi227811207 
Phytophthora 
infestans potato late 
blight agent 
  gi227811203 
Phytophthora 
infestans potato late 
blight agent 
  gi227811201 
Phytophthora 
infestans potato late 
blight agent 
  gi227811198 
Phytophthora 
infestans potato late 
blight agent 
  gi227811197 
Phytophthora 
infestans potato late 
blight agent 
  gi227811196 
Phytophthora 
infestans potato late 
blight agent 
  gi227811195 
Phytophthora 
infestans potato late 
blight agent 
  gi227811191 
Phytophthora 
infestans potato late 
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blight agent 
  gi227811189 
Phytophthora 
infestans potato late 
blight agent 
  gi227811185 
Phytophthora 
infestans potato late 
blight agent 
  gi227811173 
Phytophthora 
infestans potato late 
blight agent 
  gi227811156 
Phytophthora 
infestans potato late 
blight agent 
  gi60115389 
Phytophthora 
infestans potato late 
blight agent 
  gi56112356 
Phytophthora 
infestans potato late 
blight agent 
gi300807195 
Phytophthora 
niederhauserii gi300807194 
Phytophthora 
niederhauserii 
  gi300807193 
Phytophthora 
niederhauserii 
gi300518793 
Phytophthora 
citrophthora gi28893839 
Phytophthora 
citrophthora 
  gi111620769 
Phytophthora 
citrophthora 
gi30027280 
Phytophthora 
botryosa gi227810532 
Phytophthora 
citrophthora a 
gi8927494 
Phytophthora 
citricola E gi227810565 
Phytophthora 
citricola  
gi30027276 
Phytophthora 
cinnamomi gi295315506 
Phytophthora 
cinnamomi  
  gi291480761 
Phytophthora 
cinnamomi  
  gi86450369 
Phytophthora 
cinnamomi  
  gi227811093 
Phytophthora 
cinnamomi  
  gi227811007 
Phytophthora 
cinnamomi  
  gi227810989 
Phytophthora 
cinnamomi  
  gi227810984 
Phytophthora 
cinnamomi  
  gi227810982 
Phytophthora 
cinnamomi  
  gi227810981 
Phytophthora 
cinnamomi  
  gi227810980 
Phytophthora 
cinnamomi  
  gi227810979 
Phytophthora 
cinnamomi  
  gi227810977 
Phytophthora 
cinnamomi  
  gi227810976 
Phytophthora 
cinnamomi  
  gi227810975 
Phytophthora 
cinnamomi  
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  gi227810783 
Phytophthora 
cinnamomi  
  gi227810778 
Phytophthora 
cinnamomi  
  gi227810764 
Phytophthora 
cinnamomi  
  gi227810682 
Phytophthora 
cinnamomi  
  gi227810487 
Phytophthora 
cinnamomi  
  gi227810465 
Phytophthora 
cinnamomi  
  gi212292849 
Phytophthora 
cinnamomi  
  gi117574127 
Phytophthora 
cinnamomi  
  gi117574126 
Phytophthora 
cinnamomi  
  gi117574125 
Phytophthora 
cinnamomi  
  gi117572701 
Phytophthora 
cinnamomi  
  gi111620771 
Phytophthora 
cinnamomi  
  gi61608729 
Phytophthora 
cinnamomi  
  gi61608664 
Phytophthora 
cinnamomi  
  gi61608659 
Phytophthora 
cinnamomi  
  gi61608656 
Phytophthora 
cinnamomi  
  gi58339315 
Phytophthora 
cinnamomi  
  gi58339314 
Phytophthora 
cinnamomi  
  gi58339313 
Phytophthora 
cinnamomi  
  gi58339311 
Phytophthora 
cinnamomi  
  gi57164824 
Phytophthora 
cinnamomi  
  gi57164822 
Phytophthora 
cinnamomi  
  gi57164807 
Phytophthora 
cinnamomi  
  gi57164805 
Phytophthora 
cinnamomi  
  gi57164804 
Phytophthora 
cinnamomi  
  gi57164802 
Phytophthora 
cinnamomi  
  gi57164801 
Phytophthora 
cinnamomi  
  gi57164799 
Phytophthora 
cinnamomi  
  gi57164798 
Phytophthora 
cinnamomi  
  gi57164797 
Phytophthora 
cinnamomi  
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  gi57164796 
Phytophthora 
cinnamomi  
  gi57164794 
Phytophthora 
cinnamomi  
  gi56788729 
Phytophthora 
cinnamomi  
  gi56788728 
Phytophthora 
cinnamomi  
  gi56788727 
Phytophthora 
cinnamomi  
  gi56788726 
Phytophthora 
cinnamomi  
  gi56788723 
Phytophthora 
cinnamomi  
  gi56788722 
Phytophthora 
cinnamomi  
  gi56645421 
Phytophthora 
cinnamomi  
  gi56645398 
Phytophthora 
cinnamomi  
  gi56645376 
Phytophthora 
cinnamomi  
  gi56645362 
Phytophthora 
cinnamomi  
  gi56645336 
Phytophthora 
cinnamomi  
  gi56645311 
Phytophthora 
cinnamomi  
  gi56645260 
Phytophthora 
cinnamomi  
  gi56645236 
Phytophthora 
cinnamomi  
  gi56645211 
Phytophthora 
cinnamomi  
  gi406654597 
Phytophthora 
cinnamomi  
  gi406654595 
Phytophthora 
cinnamomi  
  gi374723205 
Phytophthora 
cinnamomi  
  gi374723204 
Phytophthora 
cinnamomi  
  gi354349531 
Phytophthora 
cinnamomi  
  gi333037462 
Phytophthora 
cinnamomi  
gi30027274 
Phytophthora 
citrophthora gi30027273 
Phytophthora 
citrophthora 
gi30027270 
Phytophthora 
colocasiae gi295394035 
Phytophthora 
colocasiae  
  gi227811081 
Phytophthora 
colocasiae  
gi8927493 
Phytophthora 
capsici gi227811021 
Phytophthora 
capsici  
gi30027268 
Phytophthora 
cryptogea gi227810998 
Phytophthora 
cryptogea  
gi30027266 
Phytophthora 
drechsleri gi8927474 
Phytophthora 
sinensis e 
  gi8927473 
Phytophthora 
melonis  
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  gi227810921 
Phytophthora 
melonis  
  gi227810785 
Phytophthora 
melonis  
  gi227810712 
Phytophthora 
melonis  
  gi209361671 
Phytophthora 
melonis  
  gi16566314 
Phytophthora 
melonis  
  gi16566312 
Phytophthora 
melonis  
  gi16566311 
Phytophthora 
melonis  
  gi124378838 
Phytophthora 
melonis  
  gi58042286 
Phytophthora 
melonis  
  gi58042285 
Phytophthora 
melonis  
  gi58042284 
Phytophthora 
melonis  
  gi58042282 
Phytophthora 
melonis  
  gi58042281 
Phytophthora 
melonis  
  gi58042280 
Phytophthora 
melonis  
  gi58042278 
Phytophthora 
melonis  
  gi58042277 
Phytophthora 
melonis  
  gi58042276 
Phytophthora 
melonis  
  gi58042275 
Phytophthora 
melonis  
  gi58042274 
Phytophthora 
melonis  
  gi58042273 
Phytophthora 
melonis  
  gi58042272 
Phytophthora 
melonis  
  gi58042271 
Phytophthora 
melonis  
  gi58042270 
Phytophthora 
melonis  
  gi58042269 
Phytophthora 
melonis  
  gi58042268 
Phytophthora 
melonis  
  gi58042267 
Phytophthora 
melonis  
  gi58042266 
Phytophthora 
melonis  
  gi58042265 
Phytophthora 
melonis  
  gi58042264 
Phytophthora 
melonis  
  gi58042263 
Phytophthora 
melonis  
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  gi58042262 
Phytophthora 
melonis  
  gi58042261 
Phytophthora 
melonis  
  gi58042260 
Phytophthora 
melonis  
  gi58042259 
Phytophthora 
melonis  
  gi58042258 
Phytophthora 
melonis  
  gi58042257 
Phytophthora 
melonis  
  gi58042255 
Phytophthora 
melonis  
gi30027264 
Phytophthora 
meadii gi28893840 
Phytophthora 
citrophthora ? 
  gi227810419 
Phytophthora 
citrophthora ? 
gi299789847 
Phytophthora 
citrophthora gi299789845 
Phytophthora 
citrophthora 
  gi299789844 
Phytophthora 
citrophthora 
  gi299789841 
Phytophthora 
citrophthora 
  gi299789840 
Phytophthora 
citrophthora 
  gi299789839 
Phytophthora 
citrophthora 
  gi28893842 
Phytophthora 
citrophthora 
  gi28893835 
Phytophthora 
citrophthora 
  gi227811226 
Phytophthora 
citrophthora 
  gi227811157 
Phytophthora 
citrophthora 
  gi227810588 
Phytophthora 
citrophthora 
  gi227810568 
Phytophthora 
citrophthora 
  gi109675194 
Phytophthora 
citrophthora 
  gi61608700 
Phytophthora 
citrophthora 
  gi60327039 
Phytophthora 
citrophthora 
gi299789846 
Phytophthora 
citrophthora gi227811009 
Phytophthora 
citrophthora 
  gi227811008 
Phytophthora 
citrophthora 
  gi84785853 
Phytophthora 
citrophthora 
  gi227810474 
Phytophthora 
citrophthora 
gi299789843 
Phytophthora 
citrophthora gi299789842 
Phytophthora 
citrophthora 
  gi401834632 
Phytophthora 
citrophthora 
gi299772244 
Phytophthora 
nicotianae gi299772243 
Phytophthora 
nicotianae  
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  gi299772241 
Phytophthora 
nicotianae  
gi299772242 
Phytophthora 
nicotianae gi299772239 
Phytophthora 
nicotianae  
  gi299772237 
Phytophthora 
nicotianae  
gi299772240 
Phytophthora 
nicotianae gi299772238 
Phytophthora 
nicotianae  
  gi299772236 
Phytophthora 
nicotianae  
gi299764596 
Phytophthora 
niederhauserii gi299764594 
Phytophthora 
niederhauserii 
gi299764595 
Phytophthora 
niederhauserii gi299764592 
Phytophthora 
niederhauserii 
gi299764593 
Phytophthora 
niederhauserii gi227811299 
Phytophthora 
niederhauserii 
  gi227811298 
Phytophthora 
niederhauserii 
  gi227811141 
Phytophthora 
niederhauserii 
  gi227810710 
Phytophthora 
niederhauserii 
  gi227810636 
Phytophthora 
niederhauserii 
  gi227810635 
Phytophthora 
niederhauserii 
  gi227810529 
Phytophthora 
niederhauserii 
  gi225698609 
Phytophthora 
niederhauserii 
  gi117574116 
Phytophthora 
niederhauserii 
  gi61608650 
Phytophthora 
niederhauserii 
  gi45272582 
Phytophthora 
niederhauserii 
  gi45272581 
Phytophthora 
niederhauserii 
gi8927490 
Phytophthora 
botryosa gi227811015 
Phytophthora cf 
botryosa  
gi299150753 
Phytophthora taxon 
salixsoil gi299150752 
Phytophthora taxon 
salixsoil 
gi8927488 
Phytophthora 
megakarya gi295315523 
Phytophthora 
megakarya  
  gi227811183 
Phytophthora 
megakarya  
  gi227811181 
Phytophthora 
megakarya  
gi296046596 
Phytophthora 
citricola gi410465386 
Phytophthora 
citricola  
gi8927487 
Phytophthora 
arecae gi295315528 
Phytophthora 
palmivora  
  gi28932678 
Phytophthora 
palmivora  
  gi227811276 
Phytophthora 
palmivora  
  gi227811145 
Phytophthora 
palmivora  
  gi227810800 
Phytophthora 
palmivora  
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  gi227810750 
Phytophthora 
palmivora  
  gi227810748 
Phytophthora 
palmivora  
  gi227810720 
Phytophthora 
palmivora  
  gi227810692 
Phytophthora 
palmivora  
  gi227810606 
Phytophthora 
palmivora  
  gi227810605 
Phytophthora 
palmivora  
  gi77692012 
Phytophthora 
palmivora  
  gi227810431 
Phytophthora 
palmivora  
  gi227810424 
Phytophthora 
palmivora  
  gi227810421 
Phytophthora 
palmivora  
  gi227810418 
Phytophthora 
palmivora  
  gi58339317 
Phytophthora 
palmivora  
gi29570266 Phytophthora sojae gi227811140 
Phytophthora 
sojae  
  gi227811132 
Phytophthora 
sojae  
  gi227811131 
Phytophthora 
sojae  
  gi227810965 
Phytophthora 
sojae  
  gi227810658 
Phytophthora 
sojae  
  gi111620759 
Phytophthora 
sojae  
gi29570248 
Phytophthora 
bisheria gi87295360 
Phytophthora 
bisheria  
  gi227810453 
Phytophthora 
bisheria  
gi295409555 
Phytophthora sp 
AKWA5810708 gi387158581 
Phytophthora sp 
WS2012b 
gi295409548 
Phytophthora sp 
VI3100B9F gi387158589 
Phytophthora sp 
WS2012a 
  gi387158585 
Phytophthora sp 
WS2012a 
  gi387158580 
Phytophthora sp 
WS2012a 
gi295394055 
Phytophthora 
cactorum gi295394053 
Phytophthora 
cactorum  
  gi295394034 
Phytophthora 
cactorum  
  gi227811107 
Phytophthora 
cactorum  
  gi85062455 
Phytophthora 
cactorum  
  gi227811020 
Phytophthora 
cactorum  
  gi227811019 
Phytophthora 
cactorum  
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  gi227810952 
Phytophthora 
cactorum  
  gi227810762 
Phytophthora 
cactorum  
  gi227810758 
Phytophthora 
cactorum  
  gi227810757 
Phytophthora 
cactorum  
  gi227810681 
Phytophthora 
cactorum  
  gi227810679 
Phytophthora 
cactorum  
  gi227810678 
Phytophthora 
cactorum  
  gi218675624 
Phytophthora 
nicotianae x 
cactorum 
  gi218675622 
Phytophthora 
nicotianae x 
cactorum 
  gi218675620 
Phytophthora 
nicotianae x 
cactorum 
  gi196122373 
Phytophthora 
nicotianae x 
cactorum 
  gi196122372 
Phytophthora 
nicotianae x 
cactorum 
  gi196122366 
Phytophthora 
nicotianae x 
cactorum 
  gi196122363 
Phytophthora 
nicotianae x 
cactorum 
  gi196122359 
Phytophthora 
cactorum  
  gi182676326 
Phytophthora 
cactorum  
  gi155624259 
Phytophthora 
cactorum  
  gi155624257 
Phytophthora 
cactorum  
  gi155624256 
Phytophthora 
cactorum  
  gi155624250 
Phytophthora 
cactorum  
  gi155624249 
Phytophthora 
cactorum  
  gi155624248 
Phytophthora 
cactorum  
  gi155624244 
Phytophthora 
cactorum  
  gi155624243 
Phytophthora 
cactorum  
  gi155624241 
Phytophthora 
cactorum  
  gi155624240 
Phytophthora 
cactorum  
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  gi117574118 
Phytophthora 
cactorum  
  gi117574117 
Phytophthora 
cactorum  
  gi112824365 
Phytophthora 
cactorum  
  gi111620775 
Phytophthora 
cactorum  
  gi61608654 
Phytophthora 
cactorum  
gi295394054 
Phytophthora 
cryptogea gi227811232 
Phytophthora 
cryptogea  
  gi227811046 
Phytophthora 
cryptogea  
  gi227811045 
Phytophthora 
cryptogea  
  gi227811044 
Phytophthora 
cryptogea  
  gi227811006 
Phytophthora 
cryptogea  
  gi227810997 
Phytophthora 
cryptogea  
  gi227810973 
Phytophthora 
cryptogea  
  gi227810927 
Phytophthora 
cryptogea  
  gi227810926 
Phytophthora 
andina a 
  gi227810694 
Phytophthora 
cryptogea  
  gi227810683 
Phytophthora 
cryptogea  
  gi227810530 
Phytophthora 
cryptogea  
  gi58339316 
Phytophthora 
cryptogea  
  gi99032682 
Phytophthora 
cryptogea  
gi295394041 
Phytophthora 
gallica gi295394040 
Phytophthora 
gallica  
  gi82698818 
Phytophthora 
gallica  
gi8927484 
Phytophthora 
phaseoli gi295315530 
Phytophthora 
phaseoli  
  gi227811278 
Phytophthora 
phaseoli  
  gi227811213 
Phytophthora 
andina  
  gi227811212 
Phytophthora 
andina  
  gi227810739 
Phytophthora 
phaseoli  
  gi227810738 
Phytophthora 
phaseoli  
  gi227810467 
Phytophthora 
phaseoli  
  gi111620761 
Phytophthora 
phaseoli  
gi295394038 
Phytophthora 
infestans potato gi291010510 
Phytophthora 
infestans potato late 
 Page 303
late blight agent blight agent 
gi295394037 
Phytophthora 
mengei gi295394033 
Phytophthora 
mengei  
  gi190410832 
Phytophthora sp 
CH2008c 
  gi190410831 
Phytophthora sp 
CH2008b 
  gi190410830 
Phytophthora sp 
CH2008b 
gi295315532 
Phytophthora 
pseudotsugae gi227811283 
Phytophthora 
pseudotsugae 
  gi227811282 
Phytophthora 
pseudotsugae 
  gi84785874 
Phytophthora 
pseudotsugae 
  gi53830724 
Phytophthora 
pseudotsugae 
gi295315520 
Phytophthora 
lateralis gi227811264 
Phytophthora 
lateralis  
  gi227811263 
Phytophthora 
lateralis  
  gi227811262 
Phytophthora 
lateralis  
  gi227811057 
Phytophthora 
lateralis  
  gi227811056 
Phytophthora 
lateralis  
  gi227811055 
Phytophthora 
lateralis  
  gi227811054 
Phytophthora 
lateralis  
  gi227811053 
Phytophthora 
lateralis  
  gi227810963 
Phytophthora 
lateralis  
  gi227810744 
Phytophthora 
lateralis  
  gi227810743 
Phytophthora 
lateralis  
  gi227810742 
Phytophthora 
lateralis  
  gi227810740 
Phytophthora 
lateralis  
  gi227810734 
Phytophthora 
lateralis  
  gi227810732 
Phytophthora 
lateralis  
  gi227810731 
Phytophthora 
lateralis  
  gi227810730 
Phytophthora 
lateralis  
  gi227810729 
Phytophthora 
lateralis  
  gi227810728 
Phytophthora 
lateralis  
  gi227810727 
Phytophthora 
lateralis  
  gi227810726 
Phytophthora 
lateralis  
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  gi227810725 
Phytophthora 
lateralis  
gi295315519 
Phytophthora 
kernoviae gi227810702 
Phytophthora 
kernoviae  
  gi227810701 
Phytophthora 
kernoviae  
  gi62944399 
Phytophthora 
kernoviae  
gi295315518 
Phytophthora 
katsurae gi118136506 
Phytophthora sp 
ICMP 16471 
  gi395472760 
Phytophthora 
katsurae  
  gi395472759 
Phytophthora 
katsurae  
  gi395472758 
Phytophthora 
katsurae  
  gi395472757 
Phytophthora 
katsurae  
  gi395472756 
Phytophthora 
katsurae  
  gi395472755 
Phytophthora 
katsurae  
  gi395472751 
Phytophthora 
katsurae  
  gi347599195 
Phytophthora 
katsurae  
  gi347599194 
Phytophthora 
katsurae  
gi295315515 
Phytophthora 
inflata gi254576466 
Phytophthora 
pini  
  gi254576464 
Phytophthora 
pini  
  gi254576463 
Phytophthora 
pini  
  gi254576462 
Phytophthora 
pini  
  gi254576461 
Phytophthora 
pini  
  gi254576460 
Phytophthora 
pini  
  gi254576459 
Phytophthora 
pini  
  gi254576458 
Phytophthora 
pini  
  gi227455403 
Phytophthora 
citricola I  
  gi227455402 
Phytophthora 
citricola I  
  gi212292840 
Phytophthora 
citricola I  
  gi212292839 
Phytophthora 
citricola I  
  gi347950008 
Phytophthora 
pini  
  gi347950007 
Phytophthora 
pini  
  gi347950006 
Phytophthora 
pini  
gi295315513 
Phytophthora 
heveae gi270297660 
Phytophthora 
heveae  
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  gi227810645 
Phytophthora 
heveae  
  gi155624226 
Phytophthora 
heveae  
  gi155624224 
Phytophthora 
heveae  
gi295315511 
Phytophthora 
fragariae gi8927468 
Phytophthora 
fragariae  
  gi227811234 
Phytophthora 
fragariae  
  gi227811040 
Phytophthora 
fragariae  
  gi227811039 
Phytophthora 
fragariae  
  gi227811022 
Phytophthora 
fragariae  
  gi227810940 
Phytophthora 
fragariae  
  gi227810797 
Phytophthora 
fragariae  
  gi227810796 
Phytophthora 
fragariae  
  gi227810753 
Phytophthora 
fragariae  
  gi227810699 
Phytophthora 
fragariae  
  gi227810676 
Phytophthora 
fragariae  
  gi227810675 
Phytophthora 
fragariae  
  gi227810674 
Phytophthora 
fragariae  
  gi227810673 
Phytophthora 
fragariae  
  gi227810672 
Phytophthora 
fragariae  
  gi227810671 
Phytophthora 
fragariae  
  gi5070436 
Phytophthora 
fragariae  
gi8927481 
Phytophthora 
tentaculata gi227811179 
Phytophthora 
tentaculata  
  gi227121366 
Phytophthora 
tentaculata  
  gi60327043 
Phytophthora 
tentaculata  
gi295315509 
Phytophthora 
cryptogea gi85665877 
Phytophthora 
kelmania  
  gi85665876 
Phytophthora 
kelmania  
  gi85665875 
Phytophthora 
kelmania  
  gi85062454 
Phytophthora 
kelmania  
  gi85062453 
Phytophthora 
kelmania  
  gi227811002 
Phytophthora 
cryptogea  
  gi85062452 
Phytophthora 
kelmania  
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  gi227810957 
Phytophthora 
kelmania  
  gi227810473 
Phytophthora 
cryptogea  
  gi99032683 
Phytophthora 
cryptogea  
gi295315507 
Phytophthora 
citricola gi227811223 
Phytophthora 
citricola  
  gi227810650 
Phytophthora 
citricola  
gi295315503 
Phytophthora 
cactorum gi8927478 
Phytophthora 
cactorum  
  gi227810962 
Phytophthora 
cactorum  
  gi227810960 
Phytophthora 
cactorum  
  gi227810765 
Phytophthora 
cactorum  
  gi227810747 
Phytophthora 
cactorum  
  gi227810746 
Phytophthora 
cactorum  
  gi182676325 
Phytophthora 
cactorum  
  gi155624255 
Phytophthora 
cactorum  
  gi155624253 
Phytophthora 
cactorum  
  gi155624251 
Phytophthora 
cactorum  
  gi155624246 
Phytophthora 
cactorum  
  gi155624245 
Phytophthora 
cactorum  
  gi117650770 
Phytophthora 
cactorum  
  gi89519380 
Phytophthora 
cactorum  
gi295315501 
Phytophthora 
boehmeriae gi227811215 
Phytophthora 
boehmeriae  
  gi227810894 
Phytophthora 
boehmeriae  
gi294471065 
Phytophthora 
plurivora gi212292846 
Phytophthora 
citricola III  
  gi117572698 
Phytophthora 
citricola  
  gi109675211 
Phytophthora 
citricola  
gi8927479 Phytophthora idaei gi227811117 
Phytophthora 
idaei  
gi29378640 
Phytophthora sp 
P1044 gi119887875 
Phytophthora 
sp GD4a  
  gi119887873 
Phytophthora 
sp GD4c  
  gi109675204 
Phytophthora 
sp P1044  
  gi109675198 
Phytophthora 
sp P1044  
  gi107758349 
Phytophthora 
sp P1044  
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gi29378639 
Phytophthora sp 
P1055 gi107758335 
Phytophthora 
sp P1055  
  gi107758312 
Phytophthora 
sp P1055  
  gi157092712 
Phytophthora 
sp 92209C  
  gi55585718 
Phytophthora 
sp AG43  
  gi387965743 
Phytophthora 
gregata  
gi29378635 
Phytophthora sp 
P510 gi29378633 
Phytophthora 
sp P236  
  gi160347349 
Phytophthora taxon 
Pgchlamydo 
  gi401834644 
Phytophthora taxon 
Pgchlamydo 
  gi401834643 
Phytophthora taxon 
Pgchlamydo 
gi29378631 
Phytophthora 
megasperma gi182676320 
Phytophthora 
megasperma 
gi29378629 
Phytophthora 
megasperma gi99032677 
Phytophthora 
megasperma 
  gi57164808 
Phytophthora 
megasperma 
  gi99032681 
Phytophthora 
megasperma 
gi8927477 
Phytophthora 
katsurae gi270297663 
Phytophthora 
katsurae  
gi291480770 
Phytophthora sp 
P16859 gi227811070 
Phytophthora taxon 
Pgchlamydo 
gi291480765 
Phytophthora 
cryptogea gi227810688 
Phytophthora 
cryptogea  
gi290792766 
Phytophthora 
mirabilis gi375268779 
Phytophthora 
mirabilis  
gi289470612 
Phytophthora 
infestans potato 
late blight agent gi289470611 
Phytophthora 
infestans potato late 
blight agent 
  gi289470610 
Phytophthora 
infestans potato late 
blight agent 
  gi289470609 
Phytophthora 
infestans potato late 
blight agent 
  gi289470608 
Phytophthora 
infestans potato late 
blight agent 
  gi289470607 
Phytophthora 
infestans potato late 
blight agent 
  gi289470606 
Phytophthora 
infestans potato late 
blight agent 
  gi289470605 
Phytophthora 
infestans potato late 
blight agent 
  gi289470604 
Phytophthora 
infestans potato late 
blight agent 
  gi289470603 
Phytophthora 
infestans potato late 
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blight agent 
  gi289470602 
Phytophthora 
infestans potato late 
blight agent 
  gi289470601 
Phytophthora 
infestans potato late 
blight agent 
  gi289470600 
Phytophthora 
infestans potato late 
blight agent 
  gi289470599 
Phytophthora 
infestans potato late 
blight agent 
  gi289470598 
Phytophthora 
infestans potato late 
blight agent 
  gi289470597 
Phytophthora 
infestans potato late 
blight agent 
  gi289470596 
Phytophthora 
infestans potato late 
blight agent 
  gi289470595 
Phytophthora 
infestans potato late 
blight agent 
  gi289470594 
Phytophthora 
infestans potato late 
blight agent 
  gi289470593 
Phytophthora 
infestans potato late 
blight agent 
  gi289470592 
Phytophthora 
infestans potato late 
blight agent 
  gi289470591 
Phytophthora 
infestans potato late 
blight agent 
  gi289470590 
Phytophthora 
infestans potato late 
blight agent 
  gi289470589 
Phytophthora 
infestans potato late 
blight agent 
  gi289470588 
Phytophthora 
infestans potato late 
blight agent 
  gi289470587 
Phytophthora 
infestans potato late 
blight agent 
  gi289470586 
Phytophthora 
infestans potato late 
blight agent 
  gi289470585 
Phytophthora 
infestans potato late 
blight agent 
  gi289470584 
Phytophthora 
infestans potato late 
blight agent 
  gi289470583 
Phytophthora 
infestans potato late 
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blight agent 
  gi289470582 
Phytophthora 
infestans potato late 
blight agent 
  gi289470581 
Phytophthora 
infestans potato late 
blight agent 
  gi289470580 
Phytophthora 
infestans potato late 
blight agent 
  gi289470579 
Phytophthora 
infestans potato late 
blight agent 
  gi289470578 
Phytophthora 
infestans potato late 
blight agent 
  gi289470577 
Phytophthora 
infestans potato late 
blight agent 
  gi289470576 
Phytophthora 
infestans potato late 
blight agent 
  gi289470575 
Phytophthora 
infestans potato late 
blight agent 
  gi289470574 
Phytophthora 
infestans potato late 
blight agent 
  gi289470573 
Phytophthora 
infestans potato late 
blight agent 
  gi289470572 
Phytophthora 
infestans potato late 
blight agent 
  gi289470571 
Phytophthora 
infestans potato late 
blight agent 
  gi289470570 
Phytophthora 
infestans potato late 
blight agent 
  gi289470569 
Phytophthora 
infestans potato late 
blight agent 
  gi289470568 
Phytophthora 
infestans potato late 
blight agent 
  gi289470567 
Phytophthora 
infestans potato late 
blight agent 
  gi289470566 
Phytophthora 
infestans potato late 
blight agent 
  gi289470565 
Phytophthora 
infestans potato late 
blight agent 
  gi289470564 
Phytophthora 
infestans potato late 
blight agent 
  gi289470563 
Phytophthora 
infestans potato late 
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blight agent 
  gi289470562 
Phytophthora 
infestans potato late 
blight agent 
  gi289470561 
Phytophthora 
infestans potato late 
blight agent 
  gi289470560 
Phytophthora 
infestans potato late 
blight agent 
  gi289470559 
Phytophthora 
infestans potato late 
blight agent 
  gi289470558 
Phytophthora 
infestans potato late 
blight agent 
  gi289470557 
Phytophthora 
infestans potato late 
blight agent 
  gi289470556 
Phytophthora 
infestans potato late 
blight agent 
  gi289470555 
Phytophthora 
infestans potato late 
blight agent 
  gi289470554 
Phytophthora 
infestans potato late 
blight agent 
  gi289470553 
Phytophthora 
infestans potato late 
blight agent 
  gi289470552 
Phytophthora 
infestans potato late 
blight agent 
  gi289470551 
Phytophthora 
infestans potato late 
blight agent 
  gi289470550 
Phytophthora 
infestans potato late 
blight agent 
  gi289470549 
Phytophthora 
infestans potato late 
blight agent 
  gi289470548 
Phytophthora 
infestans potato late 
blight agent 
  gi289470547 
Phytophthora 
infestans potato late 
blight agent 
  gi289470546 
Phytophthora 
infestans potato late 
blight agent 
  gi289470545 
Phytophthora 
infestans potato late 
blight agent 
  gi289470544 
Phytophthora 
infestans potato late 
blight agent 
  gi289470543 
Phytophthora 
infestans potato late 
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blight agent 
  gi289470542 
Phytophthora 
infestans potato late 
blight agent 
  gi289470541 
Phytophthora 
infestans potato late 
blight agent 
  gi289470540 
Phytophthora 
infestans potato late 
blight agent 
  gi289470539 
Phytophthora 
infestans potato late 
blight agent 
  gi289470538 
Phytophthora 
infestans potato late 
blight agent 
  gi289470537 
Phytophthora 
infestans potato late 
blight agent 
  gi289470536 
Phytophthora 
infestans potato late 
blight agent 
  gi289470535 
Phytophthora 
infestans potato late 
blight agent 
  gi289470534 
Phytophthora 
infestans potato late 
blight agent 
  gi289470533 
Phytophthora 
infestans potato late 
blight agent 
  gi289470532 
Phytophthora 
infestans potato late 
blight agent 
  gi289470531 
Phytophthora 
infestans potato late 
blight agent 
  gi289470530 
Phytophthora 
infestans potato late 
blight agent 
  gi289470529 
Phytophthora 
infestans potato late 
blight agent 
  gi289470528 
Phytophthora 
infestans potato late 
blight agent 
  gi289470527 
Phytophthora 
infestans potato late 
blight agent 
  gi289470526 
Phytophthora 
infestans potato late 
blight agent 
  gi289470525 
Phytophthora 
infestans potato late 
blight agent 
  gi289470524 
Phytophthora 
infestans potato late 
blight agent 
  gi289470523 
Phytophthora 
infestans potato late 
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blight agent 
  gi289470522 
Phytophthora 
infestans potato late 
blight agent 
  gi289470521 
Phytophthora 
infestans potato late 
blight agent 
gi99032676 
Phytophthora 
gonapodyides gi89203495 
Phytophthora 
gonapodyides 
  gi109675188 
Phytophthora 
gonapodyides 
gi28932688 
Phytophthora 
nicotianae gi77692000 
Phytophthora 
nicotianae  
  gi158635184 
Phytophthora 
nicotianae  
  gi158635183 
Phytophthora 
nicotianae  
  gi158635182 
Phytophthora 
nicotianae  
  gi158635181 
Phytophthora 
nicotianae  
  gi126565787 
Phytophthora 
nicotianae  
  gi126565786 
Phytophthora 
nicotianae  
  gi111620766 
Phytophthora 
nicotianae  
  gi57164814 
Phytophthora 
nicotianae  
  gi400297606 
Phytophthora 
nicotianae  
  gi400297605 
Phytophthora 
nicotianae  
  gi379062641 
Phytophthora 
nicotianae  
  gi347950010 
Phytophthora 
nicotianae  
gi28932682 
Phytophthora 
capsici gi53793879 
Phytophthora 
capsici  
  gi53793878 
Phytophthora 
capsici  
gi28932681 
Phytophthora 
capsici gi270297654 
Phytophthora 
capsici  
  gi227810709 
Phytophthora 
capsici  
  gi227810670 
Phytophthora 
capsici  
  gi227810597 
Phytophthora 
capsici  
  gi227810485 
Phytophthora 
capsici  
  gi409893098 
Phytophthora 
capsici  
  gi92111494 
Phytophthora 
capsici  
  gi92111484 
Phytophthora 
capsici  
  gi92111483 
Phytophthora 
capsici  
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  gi92111478 
Phytophthora 
capsici  
  gi92111477 
Phytophthora 
capsici  
  gi92111475 
Phytophthora 
capsici  
  gi92111473 
Phytophthora 
capsici  
  gi92111470 
Phytophthora 
capsici  
gi28932680 
Phytophthora 
nicotianae gi227810689 
Phytophthora 
nicotianae  
  gi227810490 
Phytophthora 
nicotianae  
  gi61608644 
Phytophthora 
nicotianae  
  gi400297607 
Phytophthora 
nicotianae  
gi28893843 
Phytophthora 
citrophthora gi60327046 
Phytophthora 
citrophthora 
gi28893833 
Phytophthora 
citrophthora gi28893831 
Phytophthora 
citrophthora 
gi28876144 
Phytophthora 
glovera gi28876142 
Phytophthora 
glovera  
  gi28876141 
Phytophthora 
glovera  
  gi28876140 
Phytophthora 
glovera  
  gi227810638 
Phytophthora 
glovera  
gi28864535 
Phytophthora 
tropicalis gi61608719 
Phytophthora 
tropicalis  
gi89203463 
Phytophthora sp 
AG43 gi89203251 
Phytophthora 
sp AG34  
gi270315094 
Phytophthora 
cryptogea gi270315093 
Phytophthora 
cryptogea  
  gi270315092 
Phytophthora 
cryptogea  
  gi270315091 
Phytophthora 
cryptogea  
  gi270315090 
Phytophthora 
cryptogea  
gi270297662 
Phytophthora 
heveae gi227811209 
Phytophthora 
heveae  
  gi227811208 
Phytophthora 
heveae  
  gi227811078 
Phytophthora 
heveae  
  gi227810631 
Phytophthora 
heveae  
  gi155624232 
Phytophthora 
heveae  
  gi155624231 
Phytophthora 
heveae  
  gi155624229 
Phytophthora 
heveae  
  gi155624223 
Phytophthora 
heveae  
gi270297656 
Phytophthora 
capsici gi270297653 
Phytophthora 
capsici  
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gi89203417 
Phytophthora 
polonica gi89203384 
Phytophthora 
polonica  
  gi89203364 
Phytophthora 
polonica  
  gi89203230 
Phytophthora 
polonica  
  gi89203229 
Phytophthora 
polonica  
  gi89203208 
Phytophthora 
polonica  
  gi160213581 
Phytophthora 
polonica  
  gi96997349 
Phytophthora 
polonica  
  gi96997337 
Phytophthora 
polonica  
  gi96997298 
Phytophthora 
polonica  
  gi96997286 
Phytophthora 
polonica  
gi261853409 
Phytophthora 
niederhauserii gi261853408 
Phytophthora 
niederhauserii 
gi89203399 
Phytophthora 
polonica gi96997312 
Phytophthora 
polonica  
gi258627773 
Phytophthora 
capsici gi354802201 
Phytophthora 
capsici  
gi254031582 
Phytophthora 
hydropathica gi178948426 
Phytophthora 
hydropathica 
gi239948916 
Phytophthora 
morindae gi239948915 
Phytophthora 
morindae  
  gi239948914 
Phytophthora 
morindae  
  gi239948913 
Phytophthora 
morindae  
  gi217418010 
Phytophthora 
morindae  
gi227811303 
Phytophthora 
pseudotsugae gi375268775 
Phytophthora 
pseudotsugae 
gi227811302 
Phytophthora 
cambivora gi227811087 
Phytophthora 
cambivora  
gi227811300 
Phytophthora sp 
P1679 gi227810955 
Phytophthora 
sp P1679  
gi227811296 
Phytophthora 
uliginosa gi227811295 
Phytophthora 
uliginosa  
  gi227810556 
Phytophthora 
uliginosa  
gi227811293 
Phytophthora 
syringae gi227811122 
Phytophthora 
syringae  
  gi227810560 
Phytophthora 
syringae  
  gi227810558 
Phytophthora 
syringae  
  gi227810427 
Phytophthora 
syringae  
  gi18920387 
Phytophthora 
syringae  
  gi117574130 
Phytophthora 
syringae  
  gi117574129 
Phytophthora 
syringae  
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  gi109675214 
Phytophthora 
syringae  
  gi109675208 
Phytophthora 
syringae  
  gi109675207 
Phytophthora 
syringae  
  gi109675203 
Phytophthora 
syringae  
  gi109675193 
Phytophthora 
syringae  
  gi62125834 
Phytophthora 
syringae  
  gi62125833 
Phytophthora 
syringae  
  gi61608732 
Phytophthora 
syringae  
  gi61608722 
Phytophthora 
syringae  
  gi61608716 
Phytophthora 
syringae  
  gi61608714 
Phytophthora 
syringae  
  gi61608712 
Phytophthora 
syringae  
  gi61608703 
Phytophthora 
syringae  
  gi61608702 
Phytophthora 
syringae  
  gi61608698 
Phytophthora 
syringae  
  gi61608694 
Phytophthora 
syringae  
  gi61608692 
Phytophthora 
syringae  
  gi60327049 
Phytophthora 
syringae  
  gi60327048 
Phytophthora 
syringae  
  gi60327044 
Phytophthora 
syringae  
  gi55585728 
Phytophthora 
syringae  
gi227811290 
Phytophthora 
lagoariana gi227811165 
Phytophthora 
lagoariana  
  gi227811163 
Phytophthora 
lagoariana  
  gi148357780 
Phytophthora 
lagoariana  
gi227811289 
Phytophthora 
cuyabensis gi227811161 
Phytophthora 
cuyabensis  
gi227811288 
Phytophthora 
ramorum Sudden 
oak death agent gi227811286 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810749 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810624 
Phytophthora 
ramorum Sudden oak 
death agent 
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  gi227810578 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810551 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810549 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810541 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810540 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810539 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810535 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810441 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227811287 
Phytophthora 
ramorum Sudden 
oak death agent gi227811285 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810766 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810550 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810546 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810544 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810543 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810542 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810537 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi227810536 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi117574121 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi117574120 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi57164800 
Phytophthora 
ramorum Sudden oak 
death agent 
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  gi56544522 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227811284 
Phytophthora 
ramorum Sudden 
oak death agent gi227810721 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227811280 Phytophthora porri gi227810668 
Phytophthora 
porri  
gi89203340 
Phytophthora 
polonica gi108945878 
Phytophthora 
polonica  
  gi108945875 
Phytophthora 
polonica  
  gi107758375 
Phytophthora 
polonica  
  gi107758364 
Phytophthora 
polonica  
  gi107758347 
Phytophthora 
polonica  
  gi107758325 
Phytophthora 
polonica  
  gi96997272 
Phytophthora 
polonica  
gi227811279 
Phytophthora 
polonica gi227810946 
Phytophthora 
polonica  
gi227811275 
Phytophthora 
nicotianae gi227811134 
Phytophthora 
nicotianae  
gi227811270 
Phytophthora 
mirabilis gi227811256 
Phytophthora 
infestans potato late 
blight agent 
  gi227811253 
Phytophthora 
infestans potato late 
blight agent 
  gi227811248 
Phytophthora 
infestans potato late 
blight agent 
  gi227811247 
Phytophthora 
infestans potato late 
blight agent 
  gi227811244 
Phytophthora 
infestans potato late 
blight agent 
  gi227811243 
Phytophthora 
infestans potato late 
blight agent 
  gi227811190 
Phytophthora 
infestans potato late 
blight agent 
  gi227811184 
Phytophthora 
infestans potato late 
blight agent 
  gi227811172 
Phytophthora 
infestans potato late 
blight agent 
  gi227811153 
Phytophthora 
infestans potato late 
blight agent 
  gi227811149 
Phytophthora 
infestans potato late 
blight agent 
  gi227811137 Phytophthora 
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infestans potato late 
blight agent 
  gi227811113 
Phytophthora 
infestans potato late 
blight agent 
  gi227811105 
Phytophthora 
infestans potato late 
blight agent 
  gi227811103 
Phytophthora 
infestans potato late 
blight agent 
  gi227811101 
Phytophthora 
infestans potato late 
blight agent 
  gi227811098 
Phytophthora 
infestans potato late 
blight agent 
  gi227811073 
Phytophthora 
infestans potato late 
blight agent 
  gi227811067 
Phytophthora 
infestans potato late 
blight agent 
  gi227811058 
Phytophthora 
infestans potato late 
blight agent 
  gi227811034 
Phytophthora 
infestans potato late 
blight agent 
  gi227811033 
Phytophthora 
infestans potato late 
blight agent 
  gi227810992 
Phytophthora 
mirabilis  
  gi227810968 
Phytophthora 
infestans potato late 
blight agent 
  gi227810936 
Phytophthora 
infestans potato late 
blight agent 
  gi227810934 
Phytophthora 
infestans potato late 
blight agent 
  gi227810933 
Phytophthora 
andina  
  gi227810932 
Phytophthora 
infestans potato late 
blight agent 
  gi227810928 
Phytophthora 
infestans potato late 
blight agent 
  gi227810925 
Phytophthora 
andina  
  gi227810924 
Phytophthora 
infestans potato late 
blight agent 
  gi227810918 
Phytophthora 
andina  
  gi227810915 
Phytophthora 
andina  
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  gi227810914 
Phytophthora 
infestans potato late 
blight agent 
  gi227810913 
Phytophthora 
infestans potato late 
blight agent 
  gi227810912 
Phytophthora 
infestans potato late 
blight agent 
  gi227810911 
Phytophthora 
infestans potato late 
blight agent 
  gi227810910 
Phytophthora 
infestans potato late 
blight agent 
  gi227810909 
Phytophthora 
infestans potato late 
blight agent 
  gi227810908 
Phytophthora 
andina  
  gi227810907 
Phytophthora 
infestans potato late 
blight agent 
  gi227810906 
Phytophthora 
andina  
  gi227810904 
Phytophthora 
infestans potato late 
blight agent 
  gi227810902 
Phytophthora 
infestans potato late 
blight agent 
  gi227810901 
Phytophthora 
infestans potato late 
blight agent 
  gi227810898 
Phytophthora 
infestans potato late 
blight agent 
  gi227810895 
Phytophthora 
infestans potato late 
blight agent 
  gi227810890 
Phytophthora 
infestans potato late 
blight agent 
  gi227810889 
Phytophthora 
infestans potato late 
blight agent 
  gi227810887 
Phytophthora 
infestans potato late 
blight agent 
  gi227810886 
Phytophthora 
infestans potato late 
blight agent 
  gi227810885 
Phytophthora 
infestans potato late 
blight agent 
  gi227810884 
Phytophthora 
infestans potato late 
blight agent 
  gi227810883 
Phytophthora 
infestans potato late 
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blight agent 
  gi227810880 
Phytophthora 
infestans potato late 
blight agent 
  gi227810879 
Phytophthora 
infestans potato late 
blight agent 
  gi227810878 
Phytophthora 
infestans potato late 
blight agent 
  gi227810877 
Phytophthora 
infestans potato late 
blight agent 
  gi227810874 
Phytophthora 
infestans potato late 
blight agent 
  gi227810873 
Phytophthora 
infestans potato late 
blight agent 
  gi227810872 
Phytophthora 
infestans potato late 
blight agent 
  gi227810869 
Phytophthora 
infestans potato late 
blight agent 
  gi227810868 
Phytophthora 
infestans potato late 
blight agent 
  gi227810867 
Phytophthora 
infestans potato late 
blight agent 
  gi227810865 
Phytophthora 
infestans potato late 
blight agent 
  gi227810864 
Phytophthora 
infestans potato late 
blight agent 
  gi227810863 
Phytophthora 
infestans potato late 
blight agent 
  gi227810860 
Phytophthora 
infestans potato late 
blight agent 
  gi227810856 
Phytophthora 
infestans potato late 
blight agent 
  gi227810855 
Phytophthora 
infestans potato late 
blight agent 
  gi227810854 
Phytophthora 
infestans potato late 
blight agent 
  gi227810853 
Phytophthora 
infestans potato late 
blight agent 
  gi227810851 
Phytophthora 
infestans potato late 
blight agent 
  gi227810850 
Phytophthora 
infestans potato late 
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blight agent 
  gi227810849 
Phytophthora 
infestans potato late 
blight agent 
  gi227810848 
Phytophthora 
infestans potato late 
blight agent 
  gi227810846 
Phytophthora 
infestans potato late 
blight agent 
  gi227810844 
Phytophthora 
infestans potato late 
blight agent 
  gi227810843 
Phytophthora 
infestans potato late 
blight agent 
  gi227810841 
Phytophthora 
infestans potato late 
blight agent 
  gi227810839 
Phytophthora 
infestans potato late 
blight agent 
  gi227810838 
Phytophthora 
infestans potato late 
blight agent 
  gi227810837 
Phytophthora 
infestans potato late 
blight agent 
  gi227810836 
Phytophthora 
infestans potato late 
blight agent 
  gi227810834 
Phytophthora 
infestans potato late 
blight agent 
  gi227810833 
Phytophthora 
infestans potato late 
blight agent 
  gi227810832 
Phytophthora 
infestans potato late 
blight agent 
  gi227810830 
Phytophthora 
infestans potato late 
blight agent 
  gi227810829 
Phytophthora 
infestans potato late 
blight agent 
  gi227810828 
Phytophthora 
infestans potato late 
blight agent 
  gi227810825 
Phytophthora 
infestans potato late 
blight agent 
  gi227810824 
Phytophthora 
infestans potato late 
blight agent 
  gi227810823 
Phytophthora 
infestans potato late 
blight agent 
  gi227810822 
Phytophthora 
infestans potato late 
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blight agent 
  gi227810821 
Phytophthora 
infestans potato late 
blight agent 
  gi227810820 
Phytophthora 
infestans potato late 
blight agent 
  gi227810819 
Phytophthora 
infestans potato late 
blight agent 
  gi227810818 
Phytophthora 
infestans potato late 
blight agent 
  gi227810790 
Phytophthora 
infestans potato late 
blight agent 
  gi227810789 
Phytophthora 
infestans potato late 
blight agent 
  gi227810788 
Phytophthora 
infestans potato late 
blight agent 
  gi227810643 
Phytophthora 
infestans potato late 
blight agent 
  gi227810642 
Phytophthora 
infestans potato late 
blight agent 
  gi227810640 
Phytophthora 
infestans potato late 
blight agent 
  gi227810579 
Phytophthora 
infestans potato late 
blight agent 
  gi227810576 
Phytophthora 
infestans potato late 
blight agent 
  gi227810575 
Phytophthora 
infestans potato late 
blight agent 
  gi227810573 
Phytophthora 
infestans potato late 
blight agent 
  gi227810572 
Phytophthora 
infestans potato late 
blight agent 
  gi227810571 
Phytophthora 
infestans potato late 
blight agent 
  gi227810519 
Phytophthora 
infestans potato late 
blight agent 
  gi227810518 
Phytophthora 
infestans potato late 
blight agent 
  gi227810517 
Phytophthora 
infestans potato late 
blight agent 
  gi227810472 
Phytophthora 
infestans potato late 
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blight agent 
  gi227810468 
Phytophthora 
infestans potato late 
blight agent 
  gi227810461 
Phytophthora 
infestans potato late 
blight agent 
  gi227810457 
Phytophthora 
infestans potato late 
blight agent 
  gi227810456 
Phytophthora 
infestans potato late 
blight agent 
  gi227810454 
Phytophthora 
infestans potato late 
blight agent 
  gi227810451 
Phytophthora 
infestans potato late 
blight agent 
  gi227810446 
Phytophthora 
infestans potato late 
blight agent 
  gi227810445 
Phytophthora 
infestans potato late 
blight agent 
  gi227810443 
Phytophthora 
infestans potato late 
blight agent 
  gi227810438 
Phytophthora 
infestans potato late 
blight agent 
  gi227810434 
Phytophthora 
infestans potato late 
blight agent 
  gi225194556 
Phytophthora 
andina  
  gi225194555 
Phytophthora 
andina  
gi227811267 
Phytophthora 
meadii gi227811080 
Phytophthora 
meadii  
gi227811266 
Phytophthora 
macrochlamydospo
ra gi227811265 
Phytophthora 
macrochlamydospora 
  gi227811158 
Phytophthora 
macrochlamydospora 
gi227811261 
Phytophthora 
kernoviae gi227810700 
Phytophthora 
kernoviae  
gi227811260 
Phytophthora 
katsurae gi227810922 
Phytophthora 
katsurae  
gi227811259 
Phytophthora 
katsurae gi227810476 
Phytophthora 
katsurae  
gi227811257 
Phytophthora 
ipomoeae gi227810496 
Phytophthora 
ipomoeae  
  gi227810495 
Phytophthora 
ipomoeae  
gi227811255 
Phytophthora 
infestans potato 
late blight agent gi227810969 
Phytophthora 
infestans potato late 
blight agent 
  gi227810521 
Phytophthora 
infestans potato late 
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blight agent 
gi227811254 
Phytophthora 
infestans potato 
late blight agent gi227811246 
Phytophthora 
infestans potato late 
blight agent 
  gi227811242 
Phytophthora 
infestans potato late 
blight agent 
gi227811252 
Phytophthora 
infestans potato 
late blight agent gi227810917 
Phytophthora 
infestans potato late 
blight agent 
gi227811250 
Phytophthora 
infestans potato 
late blight agent gi227810888 
Phytophthora 
infestans potato late 
blight agent 
gi227811241 
Phytophthora 
infestans potato 
late blight agent gi227810515 
Phytophthora 
infestans potato late 
blight agent 
gi227811240 
Phytophthora 
infestans potato 
late blight agent gi227810930 
Phytophthora 
infestans potato late 
blight agent 
  gi227810455 
Phytophthora 
infestans potato late 
blight agent 
  gi227810449 
Phytophthora 
infestans potato late 
blight agent 
gi227811239 
Phytophthora 
humicola gi227811042 
Phytophthora 
humicola  
gi227811238 
Phytophthora 
hibernalis gi227811119 
Phytophthora 
hibernalis  
  gi227811041 
Phytophthora 
hibernalis  
  gi227810426 
Phytophthora 
hibernalis  
  gi158635180 
Phytophthora 
hibernalis  
  gi38373727 
Phytophthora 
hibernalis  
  gi38373721 
Phytophthora 
hibernalis  
gi227811233 
Phytophthora 
cryptogea gi227811048 
Phytophthora 
cryptogea  
  gi227811047 
Phytophthora 
cryptogea  
  gi227810686 
Phytophthora 
cryptogea  
  gi227810583 
Phytophthora 
kelmania  
gi227811231 
Phytophthora 
cryptogea gi227811150 
Phytophthora 
cryptogea  
gi227811227 
Phytophthora 
cryptogea gi227810690 
Phytophthora 
richardiae  
  gi227810582 
Phytophthora 
cryptogea  
  gi227810581 
Phytophthora 
cryptogea  
  gi227810580 
Phytophthora 
cryptogea  
gi227811225 
Phytophthora 
citricola gi227810745 
Phytophthora 
citricola  
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gi227811220 
Phytophthora 
captiosa gi83267750 
Phytophthora 
captiosa  
  gi83267749 
Phytophthora 
captiosa  
  gi83267748 
Phytophthora 
captiosa  
  gi227810665 
Phytophthora 
captiosa  
  gi83267747 
Phytophthora 
captiosa  
  gi83267746 
Phytophthora 
captiosa  
  gi83267745 
Phytophthora 
captiosa  
  gi83267744 
Phytophthora 
captiosa  
gi227811218 
Phytophthora 
capsici gi227810616 
Phytophthora 
capsici  
gi227811217 
Phytophthora 
cambivora gi227810938 
Phytophthora 
cambivora  
gi227811216 
Phytophthora 
cambivora gi227810777 
Phytophthora 
cambivora  
gi227811211 Phytophthora alni gi227810413 
Phytophthora 
alni  
  gi227810412 
Phytophthora 
alni  
gi227811206 
Phytophthora 
infestans potato 
late blight agent gi227811200 
Phytophthora 
infestans potato late 
blight agent 
  gi227811174 
Phytophthora 
infestans potato late 
blight agent 
gi227811205 
Phytophthora 
infestans potato 
late blight agent gi227811199 
Phytophthora 
infestans potato late 
blight agent 
  gi227811192 
Phytophthora 
infestans potato late 
blight agent 
gi227811175 
Phytophthora 
infestans potato 
late blight agent gi227811130 
Phytophthora 
infestans potato late 
blight agent 
  gi227811112 
Phytophthora 
infestans potato late 
blight agent 
  gi227811111 
Phytophthora 
infestans potato late 
blight agent 
  gi227810945 
Phytophthora 
infestans potato late 
blight agent 
  gi227810923 
Phytophthora 
infestans potato late 
blight agent 
  gi227810444 
Phytophthora 
infestans potato late 
blight agent 
  gi227810437 
Phytophthora 
infestans potato late 
blight agent 
gi227811171 Phytophthora gi227810586 Phytophthora  
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cactorum cactorum 
  gi155624260 
Phytophthora 
cactorum  
gi227811167 
Phytophthora sp 
napoensis gi154795181 
Phytophthora sp 
napoensis 
gi227811166 
Phytophthora 
cuyabensis gi148357778 
Phytophthora 
cuyabensis  
gi227811162 
Phytophthora 
cuyabensis gi148357777 
Phytophthora 
cuyabensis  
gi227811159 
Phytophthora 
cryptogea gi227810972 
Phytophthora 
cryptogea  
gi227811155 
Phytophthora 
infestans potato 
late blight agent gi227811147 
Phytophthora 
infestans potato late 
blight agent 
gi227811146 
Phytophthora 
infestans potato 
late blight agent gi227810935 
Phytophthora 
infestans potato late 
blight agent 
  gi227810929 
Phytophthora 
andina  
  gi227810677 
Phytophthora 
infestans potato late 
blight agent 
gi227811144 
Phytophthora 
citricola gi227455396 
Phytophthora 
plurivora  
gi227811143 
Phytophthora 
boehmeriae gi227811142 
Phytophthora 
boehmeriae  
gi227811129 
Phytophthora 
infestans potato 
late blight agent gi227810826 
Phytophthora 
infestans potato late 
blight agent 
gi227811114 
Phytophthora 
infestans potato 
late blight agent gi227811102 
Phytophthora 
infestans potato late 
blight agent 
  gi227811035 
Phytophthora 
infestans potato late 
blight agent 
gi227811106 
Phytophthora 
infestans potato 
late blight agent gi227811097 
Phytophthora 
infestans potato late 
blight agent 
gi227811100 
Phytophthora 
tropicalis gi227810557 
Phytophthora 
tropicalis  
  gi72256922 
Phytophthora 
tropicalis  
gi227811091 
Phytophthora 
cinnamomi gi334855512 
Phytophthora 
cinnamomi  
gi227811090 
Phytophthora 
cinnamomi var 
parvispora gi190410833 
Phytophthora sp 
CH2008a 
gi227811089 
Phytophthora 
palmivora gi77692009 
Phytophthora 
palmivora  
  gi77692008 
Phytophthora 
palmivora  
  gi77692006 
Phytophthora 
palmivora  
  gi77692005 
Phytophthora 
palmivora  
  gi77692002 
Phytophthora 
palmivora  
  gi77692001 
Phytophthora 
palmivora  
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  gi335999229 
Phytophthora 
palmivora  
gi86212151 
Phytophthora 
nicotianae gi61608734 
Phytophthora 
nicotianae  
gi227811086 
Phytophthora 
cambivora gi55585726 
Phytophthora 
cambivora  
gi227811083 
Phytophthora 
sulawesiensis gi148357781 
Phytophthora 
sulawesiensis 
gi227811075 
Phytophthora 
pistaciae gi58041836 
Phytophthora 
pistaciae  
  gi58041835 
Phytophthora 
pistaciae  
gi227811072 
Phytophthora 
infestans potato 
late blight agent gi227810463 
Phytophthora 
infestans potato late 
blight agent 
  gi227810448 
Phytophthora 
infestans potato late 
blight agent 
  gi227810436 
Phytophthora 
infestans potato late 
blight agent 
gi227811069 
Phytophthora 
meadii gi227811068 
Phytophthora 
meadii  
gi227811065 
Phytophthora 
boehmeriae gi227811063 
Phytophthora 
boehmeriae  
  gi379062642 
Phytophthora 
boehmeriae  
gi227811061 
Phytophthora 
heveae gi155624228 
Phytophthora 
heveae  
gi227811052 
Phytophthora 
lateralis gi227810741 
Phytophthora 
lateralis  
gi227811037 
Phytophthora 
cactorum gi155624258 
Phytophthora 
cactorum  
gi227811029 
Phytophthora 
cinnamomi gi227811028 
Phytophthora 
cinnamomi  
gi227811027 
Phytophthora 
cinnamomi gi57164806 
Phytophthora 
cinnamomi  
gi227811017 
Phytophthora 
cryptogea gi227810693 
Phytophthora 
cryptogea  
gi227810986 
Phytophthora 
cinnamomi gi227810983 
Phytophthora 
cinnamomi  
gi227810974 
Phytophthora 
syringae gi111620758 
Phytophthora 
syringae  
  gi57164811 
Phytophthora 
syringae  
  gi358246122 
Phytophthora 
syringae  
gi227810961 
Phytophthora 
cactorum gi227810891 
Phytophthora 
cactorum  
  gi155624254 
Phytophthora 
cactorum  
  gi155624252 
Phytophthora 
cactorum  
  gi57164809 
Phytophthora 
cactorum  
gi227810947 
Phytophthora 
infestans potato 
late blight agent gi227810669 
Phytophthora 
infestans potato late 
blight agent 
  gi375268784 
Phytophthora 
infestans potato late 
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blight agent 
  gi375268781 
Phytophthora 
infestans potato late 
blight agent 
  gi375268778 
Phytophthora 
andina  
  gi375268777 
Phytophthora 
infestans potato late 
blight agent 
  gi375268776 
Phytophthora 
infestans potato late 
blight agent 
  gi375268773 
Phytophthora 
infestans potato late 
blight agent 
gi227810939 
Phytophthora 
cambivora gi117572699 
Phytophthora 
cambivora  
  gi99032686 
Phytophthora 
cambivora  
  gi55585725 
Phytophthora 
cambivora  
gi227810920 
Phytophthora 
andina gi227810905 
Phytophthora 
andina  
gi227810896 
Phytophthora 
infestans potato 
late blight agent gi227810842 
Phytophthora 
infestans potato late 
blight agent 
gi227810871 
Phytophthora 
infestans potato 
late blight agent gi227810866 
Phytophthora 
infestans potato late 
blight agent 
  gi227810862 
Phytophthora 
infestans potato late 
blight agent 
  gi227810827 
Phytophthora 
infestans potato late 
blight agent 
gi227810835 
Phytophthora 
infestans potato 
late blight agent gi227810644 
Phytophthora 
infestans potato late 
blight agent 
gi227810792 Phytophthora alni gi227810768 
Phytophthora 
alni  
  gi227810763 
Phytophthora 
alni  
  gi227810752 
Phytophthora 
alni  
  gi227810410 
Phytophthora 
alni  
  gi155008480 
Phytophthora 
alni  
  gi155008479 
Phytophthora 
alni  
  gi155008478 
Phytophthora 
alni  
  gi155008477 
Phytophthora 
alni  
  gi119887879 
Phytophthora alni 
subsp multiformis 
  gi5070434 
Phytophthora alni 
subsp multiformis 
gi227810791 
Phytophthora 
drechsleri gi227810559 
Phytophthora 
drechsleri  
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  gi227810513 
Phytophthora 
drechsleri  
  gi227810512 
Phytophthora 
drechsleri  
  gi227810510 
Phytophthora 
drechsleri  
  gi227810509 
Phytophthora 
drechsleri  
  gi227810508 
Phytophthora 
drechsleri  
  gi227810507 
Phytophthora 
drechsleri  
  gi227810506 
Phytophthora 
drechsleri  
  gi227810505 
Phytophthora 
drechsleri  
  gi227810504 
Phytophthora 
drechsleri  
  gi227810503 
Phytophthora 
drechsleri  
  gi227810502 
Phytophthora 
drechsleri  
gi84785859 
Phytophthora 
megasperma gi78925503 
Phytophthora 
megasperma 
gi227810761 
Phytophthora 
cinnamomi gi227810759 
Phytophthora 
cinnamomi  
gi227810756 
Phytophthora 
cactorum gi155624247 
Phytophthora 
cactorum  
gi227810751 
Phytophthora 
cactorum gi227810480 
Phytophthora 
cactorum  
  gi155624234 
Phytophthora 
cactorum  
gi227810722 
Phytophthora 
ramorum Sudden 
oak death agent gi227810548 
Phytophthora 
ramorum Sudden oak 
death agent 
gi83701165 
Phytophthora 
quercetorum gi212292848 
Phytophthora 
citricola IV  
  gi212292847 
Phytophthora 
citricola IV  
gi227810719 
Phytophthora 
heveae gi155624225 
Phytophthora 
heveae  
gi227810708 
Phytophthora 
foliorum gi227810705 
Phytophthora 
foliorum  
gi227810707 
Phytophthora 
foliorum gi227810704 
Phytophthora 
foliorum  
gi227810685 
Phytophthora 
cryptogea gi227810684 
Phytophthora 
cryptogea  
  gi53793885 
Phytophthora 
cryptogea  
gi227810680 
Phytophthora 
cactorum gi155624242 
Phytophthora 
cactorum  
gi227810666 Phytophthora fallax gi83267743 
Phytophthora 
fallax  
gi227810655 
Phytophthora 
asparagi gi154795804 
Phytophthora 
asparagi  
gi227810648 
Phytophthora 
kernoviae gi196123933 
Phytophthora 
kernoviae  
gi227810632 
Phytophthora 
nemorosa gi82593550 
Phytophthora 
nemorosa  
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gi227810626 
Phytophthora 
ramorum Sudden 
oak death agent gi227810538 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227810618 
Phytophthora 
capsici gi227810617 
Phytophthora 
capsici  
  gi92111490 
Phytophthora 
capsici  
gi227810615 
Phytophthora 
pseudosyringae gi227810610 
Phytophthora 
pseudosyringae 
  gi38373726 
Phytophthora 
pseudosyringae 
  gi38373725 
Phytophthora 
pseudosyringae 
  gi38373724 
Phytophthora 
pseudosyringae 
  gi38373723 
Phytophthora 
pseudosyringae 
  gi33413908 
Phytophthora 
pseudosyringae 
gi227810614 
Phytophthora 
quercina gi227810613 
Phytophthora 
quercina  
  gi227810611 
Phytophthora 
quercina  
gi83267742 Phytophthora fallax gi83267741 
Phytophthora 
fallax  
  gi83267740 
Phytophthora 
fallax  
  gi83267739 
Phytophthora 
fallax  
  gi83267738 
Phytophthora 
fallax  
  gi83267737 
Phytophthora 
fallax  
  gi83267736 
Phytophthora 
fallax  
gi227810602 
Phytophthora 
brassicae gi227810469 
Phytophthora 
brassicae  
gi227810593 
Phytophthora 
cactorum gi227810592 
Phytophthora 
cactorum  
  gi155624239 
Phytophthora 
cactorum  
  gi155624238 
Phytophthora 
cactorum  
gi227810591 
Phytophthora 
cactorum gi155624237 
Phytophthora 
cactorum  
gi227810590 
Phytophthora 
cactorum gi155624236 
Phytophthora 
cactorum  
gi227810574 
Phytophthora 
infestans potato 
late blight agent gi227810516 
Phytophthora 
infestans potato late 
blight agent 
  gi227810458 
Phytophthora 
infestans potato late 
blight agent 
gi227810570 
Phytophthora 
ramorum Sudden 
oak death agent gi227810534 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227810553 
Phytophthora 
europaea gi227810552 
Phytophthora 
europaea  
gi227810527 
Phytophthora 
macrochlamydospo gi227810525 
Phytophthora 
macrochlamydospora 
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ra 
  gi227810524 
Phytophthora 
macrochlamydospora 
gi227810522 
Phytophthora 
infestans potato 
late blight agent gi227810514 
Phytophthora 
infestans potato late 
blight agent 
  gi227810462 
Phytophthora 
infestans potato late 
blight agent 
gi227810499 
Phytophthora 
mirabilis gi111620757 
Phytophthora 
mirabilis  
gi227810492 
Phytophthora 
tropicalis gi347950002 
Phytophthora 
tropicalis  
gi227810479 
Phytophthora 
cactorum gi155624233 
Phytophthora 
cactorum  
gi227810452 
Phytophthora 
nicotianae gi212004610 
Phytophthora 
nicotianae  
  gi196122357 
Phytophthora 
nicotianae  
  gi196122356 
Phytophthora 
nicotianae  
  gi94468073 
Phytophthora 
nicotianae  
gi77692011 
Phytophthora 
palmivora gi77692010 
Phytophthora 
palmivora  
gi227810450 
Phytophthora 
infestans potato 
late blight agent gi227810435 
Phytophthora 
infestans potato late 
blight agent 
gi227810440 
Phytophthora 
ramorum Sudden 
oak death agent gi227810439 
Phytophthora 
ramorum Sudden oak 
death agent 
gi227810433 
Phytophthora 
heveae gi155624222 
Phytophthora 
heveae  
gi227810425 
Phytophthora 
mexicana gi227810417 
Phytophthora 
capsici  
gi227810425 
Phytophthora 
mexicana gi227810416 
Phytophthora 
capsici  
gi227810422 
Phytophthora 
heveae gi155624221 
Phytophthora 
heveae  
gi77692007 
Phytophthora 
palmivora gi77692004 
Phytophthora 
palmivora  
  gi77692003 
Phytophthora 
palmivora  
gi224496188 
Phytophthora sp 
CCH2009b gi224496187 
Phytophthora sp 
CCH2009b 
  gi224496186 
Phytophthora sp 
CCH2009b 
  gi224496185 
Phytophthora sp 
CCH2009b 
gi77691999 
Phytophthora 
capsici gi92111481 
Phytophthora 
capsici  
  gi92111471 
Phytophthora 
capsici  
gi21648340 
Phytophthora 
ramorum Sudden 
oak death agent gi38348758 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348757 
Phytophthora 
ramorum Sudden oak 
death agent 
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  gi38348756 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348755 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348754 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348753 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348752 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348751 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348750 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348749 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348748 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348747 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348746 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi38348745 
Phytophthora 
ramorum Sudden oak 
death agent 
gi209167961 
Phytophthora 
inundata gi209167960 
Phytophthora 
inundata  
gi7453613 
Phytophthora 
infestans potato 
late blight agent gi7453612 
Phytophthora 
infestans potato late 
blight agent 
gi194373079 
Phytophthora 
nicotianae gi194373078 
Phytophthora 
nicotianae  
  gi194373077 
Phytophthora 
nicotianae  
  gi194373076 
Phytophthora 
nicotianae  
  gi194373075 
Phytophthora 
nicotianae  
  gi194373074 
Phytophthora 
nicotianae  
  gi194373069 
Phytophthora 
nicotianae  
  gi194373066 
Phytophthora 
nicotianae  
  gi194373065 
Phytophthora 
nicotianae  
  gi194373064 
Phytophthora 
nicotianae  
  gi194373063 Phytophthora  
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nicotianae 
  gi194373062 
Phytophthora 
nicotianae  
  gi194373061 
Phytophthora 
nicotianae  
  gi194373060 
Phytophthora 
nicotianae  
  gi194373059 
Phytophthora 
nicotianae  
  gi194373058 
Phytophthora 
nicotianae  
  gi194373057 
Phytophthora 
nicotianae  
  gi194373056 
Phytophthora 
nicotianae  
  gi194373055 
Phytophthora 
nicotianae  
  gi194373054 
Phytophthora 
nicotianae  
  gi194373053 
Phytophthora 
nicotianae  
  gi194373052 
Phytophthora 
nicotianae  
  gi194373050 
Phytophthora 
nicotianae  
  gi194373049 
Phytophthora 
nicotianae  
  gi194373048 
Phytophthora 
nicotianae  
gi190148523 
Phytophthora 
pinifolia gi190148522 
Phytophthora 
pinifolia  
  gi190148521 
Phytophthora 
pinifolia  
  gi190148520 
Phytophthora 
pinifolia  
gi189473124 
Phytophthora 
hibernalis gi189473123 
Phytophthora 
hibernalis  
gi18920394 Phytophthora porri gi18920393 
Phytophthora 
porri  
  gi56544516 
Phytophthora 
porri  
gi73655072 
Phytophthora 
hedraiandra gi73654726 
Phytophthora 
hedraiandra  
gi183230031 
Phytophthora sp 
42B9 gi183230030 
Phytophthora 
sp 44E4  
  gi183230029 
Phytophthora 
sp 4E4  
gi178948422 
Phytophthora 
hydropathica gi178948421 
Phytophthora 
hydropathica 
gi165910352 
Phytophthora alni 
subsp uniformis gi165910351 
Phytophthora alni 
subsp uniformis 
gi16566309 
Phytophthora 
pistaciae gi16566308 
Phytophthora 
pistaciae  
gi160347350 
Phytophthora 
nicotianae gi158635185 
Phytophthora 
nicotianae  
  gi61608726 
Phytophthora 
nicotianae  
gi160347348 
Phytophthora 
nicotianae gi117574124 
Phytophthora 
nicotianae  
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  gi117574123 
Phytophthora 
nicotianae  
  gi117574119 
Phytophthora 
nicotianae  
  gi117574115 
Phytophthora 
nicotianae  
  gi62125837 
Phytophthora 
nicotianae  
  gi61608736 
Phytophthora 
nicotianae  
  gi60327040 
Phytophthora 
nicotianae  
gi160213686 
Phytophthora 
polonica gi160213551 
Phytophthora 
polonica  
  gi117571269 
Phytophthora 
polonica  
gi98961369 
Phytophthora 
citricola gi122912997 
Phytophthora 
citricola  
gi158635191 
Phytophthora 
syringae gi55585729 
Phytophthora 
syringae  
gi71727677 
Phytophthora 
citrophthora gi71727676 
Phytophthora 
citrophthora 
gi154795808 
Phytophthora 
asparagi gi409893095 
Phytophthora 
asparagi  
gi154000824 
Phytophthora 
capsici gi154000823 
Phytophthora 
capsici  
  gi154000822 
Phytophthora 
capsici  
  gi154000821 
Phytophthora 
capsici  
  gi154000820 
Phytophthora 
capsici  
  gi154000819 
Phytophthora 
capsici  
  gi154000818 
Phytophthora 
capsici  
gi148767795 
Phytophthora 
tropicalis gi148767794 
Phytophthora 
tropicalis  
  gi148767793 
Phytophthora 
tropicalis  
gi148767792 
Phytophthora 
capsici gi148767791 
Phytophthora 
capsici  
  gi148767790 
Phytophthora 
capsici  
  gi148767789 
Phytophthora 
capsici  
gi148767788 
Phytophthora 
tropicalis gi148767787 
Phytophthora 
tropicalis  
  gi148767786 
Phytophthora 
tropicalis  
  gi148767785 
Phytophthora 
tropicalis  
  gi148767784 
Phytophthora 
tropicalis  
  gi148767783 
Phytophthora 
tropicalis  
gi148767782 
Phytophthora 
capsici gi148767781 
Phytophthora 
capsici  
gi148767780 
Phytophthora 
capsici gi148767779 
Phytophthora 
capsici  
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  gi148767778 
Phytophthora 
capsici  
  gi148767777 
Phytophthora 
capsici  
  gi148767776 
Phytophthora 
capsici  
gi148767775 
Phytophthora 
capsici gi148767774 
Phytophthora 
capsici  
  gi148767773 
Phytophthora 
capsici  
gi70724331 
Phytophthora sp ex 
Drimys winteri gi70724330 
Phytophthora sp ex 
Drimys winteri 
gi145306949 
Phytophthora 
pseudosyringae gi122912976 
Phytophthora 
citricola  
gi70724329 
Phytophthora 
ramorum Sudden 
oak death agent gi89275889 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi89275888 
Phytophthora 
ramorum Sudden oak 
death agent 
gi121483758 
Phytophthora 
hedraiandra gi121483757 
Phytophthora 
hedraiandra  
  gi117574122 
Phytophthora 
hedraiandra  
  gi109675210 
Phytophthora 
hedraiandra  
  gi60327047 
Phytophthora 
hedraiandra  
  gi95115915 
Phytophthora 
hedraiandra  
  gi53830723 
Phytophthora 
hedraiandra  
  gi90655941 
Phytophthora 
hedraiandra  
  gi343786872 
Phytophthora 
hedraiandra  
  gi343786871 
Phytophthora 
hedraiandra  
  gi89519376 
Phytophthora 
hedraiandra  
gi70673309 
Phytophthora 
nicotianae gi70673306 
Phytophthora 
nicotianae  
  gi70673303 
Phytophthora 
nicotianae  
  gi70673300 
Phytophthora 
nicotianae  
gi70673307 
Phytophthora 
nicotianae gi70673304 
Phytophthora 
nicotianae  
  gi70673301 
Phytophthora 
nicotianae  
  gi70673298 
Phytophthora 
nicotianae  
gi119721036 
Phytophthora 
cinnamomi gi119721033 
Phytophthora 
cinnamomi  
gi119370187 
Phytophthora 
boehmeriae gi119370186 
Phytophthora 
boehmeriae  
  gi119370185 
Phytophthora 
boehmeriae  
gi119370181 
Phytophthora 
arecae gi119370180 
Phytophthora 
arecae  
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gi119370179 
Phytophthora sp 
alticola gi119370178 
Phytophthora 
sp alticola  
  gi119370177 
Phytophthora 
sp alticola  
  gi119370176 
Phytophthora 
sp alticola  
  gi119370175 
Phytophthora 
sp alticola  
  gi119370174 
Phytophthora 
sp alticola  
gi119370169 
Phytophthora 
colocasiae gi119370168 
Phytophthora 
colocasiae  
  gi119370167 
Phytophthora 
colocasiae  
gi119370166 
Phytophthora 
citrophthora gi119370165 
Phytophthora 
citrophthora 
  gi119370164 
Phytophthora 
citrophthora 
gi119370163 
Phytophthora 
citricola gi119370162 
Phytophthora 
citricola  
  gi119370161 
Phytophthora 
citricola  
gi119370160 
Phytophthora sp 
frigida gi119370159 
Phytophthora 
sp frigida  
  gi119370158 
Phytophthora 
sp frigida  
  gi119370157 
Phytophthora 
sp frigida  
  gi119370156 
Phytophthora 
sp frigida  
  gi119370155 
Phytophthora 
sp frigida  
gi119370154 
Phytophthora 
nicotianae gi119370153 
Phytophthora 
nicotianae  
  gi119370152 
Phytophthora 
nicotianae  
gi119370151 
Phytophthora 
cinnamomi gi119370150 
Phytophthora 
cinnamomi  
gi117574128 
Phytophthora 
citricola gi109675200 
Phytophthora 
citricola  
gi114146744 
Phytophthora 
ramorum Sudden 
oak death agent gi114146743 
Phytophthora 
ramorum Sudden oak 
death agent 
gi64330144 
Phytophthora sp 
VPRI 32026 gi64330117 
Phytophthora sp 
VPRI 32025 
  gi64330087 
Phytophthora sp 
VPRI 20622 
  gi64330066 
Phytophthora sp 
VPRI 32085 
  gi64330042 
Phytophthora sp 
VPRI 32027 
  gi64330019 
Phytophthora sp 
VPRI 30465 
  gi64329991 
Phytophthora sp 
VPRI 22561 
gi110626556 
Phytophthora 
nicotianae gi110626555 
Phytophthora 
nicotianae  
  gi110626554 
Phytophthora 
nicotianae  
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gi110626552 
Phytophthora 
nicotianae gi62125839 
Phytophthora 
nicotianae  
gi110174640 
Phytophthora 
hedraiandra gi62125835 
Phytophthora 
hedraiandra  
gi109675201 
Phytophthora 
syringae gi38348771 
Phytophthora 
syringae  
97715T1097O164
6NotUnique PHYT 
97358U0097
R2146Direct
Unique PHYT  
91106L7096OS6B
46NotBottom PHYT 
90925T1096
O746NotUniq
ue PHYT  
90916L1097W946
AppleUnique PHYT 
90418T0097
W1046Hemp
Unique PHYT  
9000M006B646Ap
pleUnique PHYT 
9000L106non
e46NotUniqu
e PHYT  
89598L0096Y346
AppleUnique PHYT 
88390L1095
WS9B46Not
Bottom PHYT  
  
86455F2095
W846NotUni
que PHYT  
82452L2094WS74
6NotUnique PHYT 
22418M0077
Y446NotUniq
ue PHYT  
77629T0093O1B4
6NotBottom PHYT 
76047T0091
O3B46NotBo
ttom PHYT  
gi61608709 
Phytophthora 
nicotianae gi61608706 
Phytophthora 
nicotianae  
  gi60327041 
Phytophthora 
nicotianae  
  gi60327037 
Phytophthora 
nicotianae  
73088U00811R14
46NotUnique PHYT 
110276M109
11R446NotU
nique PHYT  
gi61608652 
Phytophthora 
nicotianae gi61608648 
Phytophthora 
nicotianae  
47846M0085W114
6NotUnique PHYT 
13187T1071
1T46NotUniq
ue PHYT  
24820L0078RS44
6NotUnique PHYT 
24499M1078
W446NotUni
que PHYT  
18244T007CR15B
46NotBottom PHYT 
17477T007C
R9M46NotMi
ddle PHYT  
gi58041887 
Phytophthora 
cryptogea gi58041886 
Phytophthora 
cryptogea  
  gi58041881 
Phytophthora 
cryptogea  
  gi58041857 
Phytophthora 
cryptogea  
gi58041884 
Phytophthora 
drechsleri gi58041880 
Phytophthora 
drechsleri  
gi58041883 
Phytophthora 
drechsleri gi58041882 
Phytophthora 
drechsleri  
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  gi58041874 
Phytophthora 
drechsleri  
  gi58041873 
Phytophthora 
drechsleri  
  gi58041865 
Phytophthora 
drechsleri  
  gi58041863 
Phytophthora 
drechsleri  
  gi56693683 
Phytophthora 
drechsleri  
  gi56693682 
Phytophthora 
drechsleri  
gi58041872 
Phytophthora 
cryptogea gi58041871 
Phytophthora 
cryptogea  
gi58041870 
Phytophthora 
erythroseptica gi58041869 
Phytophthora 
erythroseptica 
  gi58041868 
Phytophthora 
erythroseptica 
gi58041862 
Phytophthora 
cryptogea gi58041861 
Phytophthora 
cryptogea  
  gi58041858 
Phytophthora 
cryptogea  
gi92111535 
Phytophthora 
capsici gi92111534 
Phytophthora 
capsici  
  gi92111530 
Phytophthora 
capsici  
  gi92111528 
Phytophthora 
capsici  
  gi92111527 
Phytophthora 
capsici  
gi58041853 
Phytophthora 
cryptogea gi58041846 
Phytophthora 
cryptogea  
  gi58041845 
Phytophthora 
cryptogea  
  gi58041844 
Phytophthora 
cryptogea  
gi58041851 
Phytophthora 
cryptogea gi58041848 
Phytophthora 
cryptogea  
  gi58041843 
Phytophthora 
cryptogea  
gi92111533 
Phytophthora 
capsici gi92111529 
Phytophthora 
capsici  
gi57164823 
Phytophthora 
cinnamomi gi57164803 
Phytophthora 
cinnamomi  
gi99032685 
Phytophthora 
citricola gi56553481 
Phytophthora 
citricola  
  gi55583754 
Phytophthora 
citricola  
gi56693694 
Phytophthora 
drechsleri gi56693692 
Phytophthora 
drechsleri  
  gi56693691 
Phytophthora 
drechsleri  
gi56693693 
Phytophthora 
drechsleri gi56693690 
Phytophthora 
drechsleri  
  gi56693685 
Phytophthora 
drechsleri  
gi56112353 
Phytophthora 
syringae gi358246119 
Phytophthora 
obscura  
  gi358246118 
Phytophthora 
obscura  
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gi55586083 
Phytophthora 
ramorum Sudden 
oak death agent gi55586082 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi55586081 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi55586080 
Phytophthora 
ramorum Sudden oak 
death agent 
gi55586079 
Phytophthora 
citricola gi55417613 
Phytophthora 
citricola  
gi55586078 
Phytophthora 
citricola gi55417614 
Phytophthora 
citricola  
gi92111507 
Phytophthora 
capsici gi92111506 
Phytophthora 
capsici  
  gi92111505 
Phytophthora 
capsici  
  gi92111504 
Phytophthora 
capsici  
gi55275805 
Phytophthora alni 
subsp multiformis gi5070435 
Phytophthora 
cambivora  
gi55275804 
Phytophthora alni 
subsp uniformis gi55275803 
Phytophthora alni 
subsp uniformis 
gi55275802 
Phytophthora alni 
subsp alni gi55275800 
Phytophthora alni 
subsp alni 
  gi5070432 
Phytophthora alni 
subsp alni 
gi48994872 
Phytophthora 
syringae gi48994871 
Phytophthora 
syringae  
gi417357152 
Phytophthora 
ramorum Sudden 
oak death agent gi417357151 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi417357150 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi417357149 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi417357148 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi417357147 
Phytophthora 
ramorum Sudden oak 
death agent 
  gi417357146 
Phytophthora 
ramorum Sudden oak 
death agent 
gi417357145 
Phytophthora 
ramorum Sudden 
oak death agent gi417357144 
Phytophthora 
ramorum Sudden oak 
death agent 
gi407079042 
Phytophthora 
amnicola gi407079041 
Phytophthora 
amnicola  
  gi407079039 
Phytophthora 
amnicola  
gi40646950 
Phytophthora 
boehmeriae gi40646949 
Phytophthora 
boehmeriae  
gi401834642 
Phytophthora 
lacustris gi401834641 
Phytophthora 
lacustris  
  gi401834639 
Phytophthora 
lacustris  
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  gi401834638 
Phytophthora 
lacustris  
  gi401834635 
Phytophthora 
lacustris  
gi401834637 
Phytophthora 
lacustris gi401834636 
Phytophthora 
lacustris  
gi393757383 Phytophthora litchii gi37781865 
Phytophthora 
litchii  
gi392999754 
Phytophthora 
capsici gi392999753 
Phytophthora 
capsici  
  gi392999752 
Phytophthora 
capsici  
  gi392999751 
Phytophthora 
capsici  
  gi392999746 
Phytophthora 
capsici  
  gi392999744 
Phytophthora 
capsici  
gi392999750 
Phytophthora 
capsici gi392999748 
Phytophthora 
capsici  
  gi92111482 
Phytophthora 
capsici  
gi388540985 
Phytophthora sp 
WH2012 gi388540984 
Phytophthora sp 
WH2012 
  gi388540983 
Phytophthora sp 
WH2012 
  gi388540981 
Phytophthora sp 
WH2012 
gi92111491 
Phytophthora 
capsici gi92111485 
Phytophthora 
capsici  
gi388540980 
Phytophthora taxon 
salixsoil gi388540978 
Phytophthora taxon 
salixsoil 
gi388540976 
Phytophthora taxon 
salixsoil gi388540974 
Phytophthora taxon 
salixsoil 
gi388540967 
Phytophthora taxon 
Pgchlamydo gi388540953 
Phytophthora taxon 
Pgchlamydo 
  gi388540949 
Phytophthora taxon 
Pgchlamydo 
  gi388540943 
Phytophthora taxon 
Pgchlamydo 
  gi388540942 
Phytophthora taxon 
Pgchlamydo 
  gi388540941 
Phytophthora taxon 
Pgchlamydo 
  gi388540940 
Phytophthora taxon 
Pgchlamydo 
  gi388540939 
Phytophthora taxon 
Pgchlamydo 
  gi388540938 
Phytophthora taxon 
Pgchlamydo 
  gi388540937 
Phytophthora taxon 
Pgchlamydo 
  gi388540936 
Phytophthora taxon 
Pgchlamydo 
  gi387965750 
Phytophthora taxon 
Pgchlamydo 
  gi387965748 
Phytophthora taxon 
Pgchlamydo 
  gi387965747 
Phytophthora taxon 
Pgchlamydo 
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  gi387965746 
Phytophthora taxon 
Pgchlamydo 
  gi387965745 
Phytophthora taxon 
Pgchlamydo 
gi388540964 
Phytophthora taxon 
Pgchlamydo gi388540956 
Phytophthora taxon 
Pgchlamydo 
gi388540952 
Phytophthora taxon 
Pgchlamydo gi388540948 
Phytophthora taxon 
Pgchlamydo 
  gi388540947 
Phytophthora taxon 
Pgchlamydo 
  gi388540946 
Phytophthora taxon 
Pgchlamydo 
  gi388540945 
Phytophthora taxon 
Pgchlamydo 
  gi388540944 
Phytophthora taxon 
Pgchlamydo 
  gi387965744 
Phytophthora taxon 
Pgchlamydo 
gi387965742 
Phytophthora 
gregata gi387965741 
Phytophthora 
gregata  
gi387965739 
Phytophthora 
gonapodyides gi387965738 
Phytophthora 
gonapodyides 
gi387965736 
Phytophthora 
plurivora gi387965735 
Phytophthora 
plurivora  
  gi387965734 
Phytophthora 
plurivora  
gi387158583 
Phytophthora sp 
WS2012b gi387158582 
Phytophthora sp 
WS2012b 
gi38348765 
Phytophthora 
hibernalis gi38348764 
Phytophthora 
hibernalis  
gi374921836 
Phytophthora 
cactorum gi374921833 
Phytophthora 
cactorum  
gi374921822 
Phytophthora 
plurivora gi374921819 
Phytophthora 
plurivora  
  gi374921818 
Phytophthora 
plurivora  
gi367465422 
Phytophthora sp 
JEB2011 gi367465420 
Phytophthora sp 
JEB2011 
gi367465421 
Phytophthora sp 
JEB2011 gi367465418 
Phytophthora sp 
JEB2011 
  gi367465414 
Phytophthora sp 
JEB2011 
gi358246121 
Phytophthora 
obscura gi358246120 
Phytophthora 
obscura  
gi354802199 
Phytophthora 
capsici gi354802197 
Phytophthora 
capsici  
gi354349534 
Phytophthora 
multivora gi354349532 
Phytophthora 
multivora  
gi354349528 
Phytophthora 
frigida gi354349527 
Phytophthora 
frigida  
gi354349524 
Phytophthora sp 
2WS gi354349523 
Phytophthora 
sp 2WS  
gi338819140 
Phytophthora aff 
asparagi gi338819139 
Phytophthora 
aff asparagi  
gi332649811 
Phytophthora sp 
P32 gi332649810 
Phytophthora 
sp P31  
Table B.1: List of the sequences, removed from the phylogenetic analysis, as 
found identical following the combination of 15 clustal analyses.  
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Plants associated with Phytophthora 
(alphabetically) 
Number of records  
Family Genera Genera records Family Records 
Adoxaceae Sambucus 2 21 
 Viburnum 19  
Agavaceae Cordyline 1 1 
Alstroemeriaceae Alstroemeria 1 1 
Amaryllidaceae Clivia 1 1 
Anacardiaceae Cotinus 2 3 
 Rhus 1  
Apiaceae Eryngium 1 1 
Aquifoliaceae Ilex 9 9 
Araceae Anthurium 1 1 
Araliaceae Fatsia 1 4 
 Hedera 3  
Arecaceae Copernicia 1 1 
Asparagaceae Asparagus 1 1 
Aspleniaceae Asplenium 1 1 
Asteraceae Cineraria 1 10 
 Dahlia 1  
 Heliopsis 2  
 Olearia 2  
 Osteospermum 1  
 Rudbeckia 2  
 Tagetes 1  
Begoniaceae Begonia 4 4 
Berberidaceae Berberis 2 3 
 Mahonia 1  
Berberidopsidaceae Berberidopsis 1 1 
Betulaceae Alnus 1 3 
 Betula 1  
 Carpinus 1  
Boraginaceae Echium 2 2 
Buxaceae Buxus 22 25 
 Sarcococca 3  
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Caesalpiniaceae Cercis 1 1 
Caprifoliaceae Lonicera 2 3 
 Weigela 1  
Celastraceae Euonymus 2 2 
Cephalotaxaceae Cephalotaxus 1 1 
Cistaceae Cistus 2 2 
Cornaceae Cornus 6 6 
Cucurbitaceae Cucumis 1 1 
Cunoniaceae Eucryphia 1 1 
Cupressaceae Chamaecyparis 5 14 
 Cupressus 1  
 Juniperus 7  
 Thuja 1  
Elaeagnaceae Elaeagnus 1 2 
 Hippophae 1  
Elaeocarpaceae Crinodendron 1 1 
Ericaceae Arbutus 6 41 
 Calluna 2  
 Enkianthus 1  
 Erica 1  
 Rhododendron 28  
 Vaccinium 3  
Escalloniaceae Escallonia 3 3 
Euphorbiaceae Euphorbia 6 6 
Fagaceae Castanea 2 12 
 Fagus 7  
 Nothofagus 1  
 Quercus 2  
Garryaceae Aucuba 12 14 
 Garrya 2  
Gesneriaceae Mitraria 1 1 
Grossulariaceae Ribes 7 7 
Hamamelidaceae Corylopsis 2 7 
 Hamamelis 5  
Hippocastanaceae Aesculus 2 2 
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Hydrangeaceae Hydrangea 3 4 
 Schizophragma 1  
Iridaceae Crocus 3 3 
Juglandaceae Juglans 1 1 
Lamiaceae Lavandula 6 20 
 Nepeta 3  
 Prostanthera 2  
 Rosmarinus 6  
 Salvia 3  
Lauraceae Laurus 3 3 
Loganiaceae Desfontainia 1 1 
Magnoliaceae Magnolia 1 1 
Malvaceae Abutilon 2 8 
 Fremontodendron 2  
 Hibiscus 2  
 Hoheria 1  
 Lavatera 1  
Mimosaceae Acacia 1 1 
Moraceae Ficus 1 3 
 Morus 2  
Myrsinaceae Ardisia 1 1 
Myrtaceae Callistemon 1 5 
 Eucalyptus 2  
 Myrtus 1  
 Thryptomene 1  
Nyctaginaceae Bougainvillea 1 1 
Oleaceae Jasminum 1 6 
 Osmanthus 4  
 Syringa 1  
Onagraceae Fuchsia 1 1 
Papaveraceae Meconopsis 1 1 
Papilionaceae Laburnum 2 17 
 Lathyrus 1  
 Robinia 9  
 Styphnolobium 1  
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 Wisteria 4  
Paulowniaceae Paulownia 1 1 
Pinaceae Abies 1 2 
 Larix 1  
Plantaginaceae Hebe 3 7 
 Penstemon 4  
Poaceae Semiarundinaria 1 1 
Podocarpaceae Nageia 1 1 
Primulaceae Primula 1 1 
Proteaceae Grevillea 3 5 
 Protea 1  
 Telopea 1  
Ranunculaceae Aconitum 2 11 
 Actaea 1  
 Anemone 1  
 Clematis 6  
 Helleborus 1  
Rhamnaceae Ceanothus 3 6 
 Phylica 1  
 Rhamnus 2  
Rosaceae Chaenomeles 2 91 
 Cotoneaster 3  
 Crataegus 2  
 Eriobotrya 1  
 Exochorda 1  
 Fragaria 4  
 Lyonothamnus 1  
 Malus 6  
 Photinia 2  
 Prunus 23  
 Pyrus 1  
 Rosa 15  
 Rubus 22  
 Sorbus 8  
Rubiaceae Mitriostigma 1 1 
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Rutaceae Choisya 5 7 
 Skimmia 2  
Salicaceae Populus 1 1 
Sapindaceae Acer 8 8 
Scrophulariaceae Buddleja 3 3 
Solanaceae Petunia 1 1 
Taxaceae Taxus 110 110 
Theaceae Camellia 2 2 
Thymelaeaceae Daphne 1 1 
Tiliaceae Tilia 1 1 
Vitaceae Vitis 2 2 
Table B.2: The number of records for each host genera, organized by their 
families, from which Phytophthora has been detected, over a 4 year sampling 
period of symptomatic plants received through the RHS Advisory service. 
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Clades 1, 2, 3, 4, 5, 6, 7, 9 & 10 – salmon pink 
Ph. lateralis (100) – light green 
Ph. hibernalis (100) – dark green 
Ph. lateralis (100) – light green 
Ph. ramorum (0) – light blue 
Ph. foliorum (100) – yellow 
Ph. obscura (100) – pink 
Ph. austrocedri (100) – dark green 
Ph. syringae (20) – dark pink 
Ph. primulae (0) - orange 
Ph. porri (60) – dark blue 
Ph. brassicae (100) – lavender 
Ph. new species (RHS)(100) – dark green 
Ph. primulae (100) – orange 
Ph. porri (100) – dark blue 
Ph. trifolii (100) – green 
Ph. medicaginis (100) – maroon 
Ph. medicaginisxcryptogea (n/a) – pink 
Ph. medicaginis (100) – maroon 
Ph. sansomea (100) – dark green 
Ph. new species (100) – blue 
Ph. cryptogea (42) – light orange 
Ph. kelmania (56) – red 
Ph. cryptogea (42) – light orange 
Ph. new species (50) – purple 
Ph. cryptogea (0) – light orange 
Ph. drechsleri (100) – blue 
Ph. cryptogea (0) – light orange 
Ph. erothropseptica (48) – moss green 
Ph. cryptogea (0) – light orange 
Ph. erothropseptica (48) – moss green 
Ph. cryptogea (0) – light orange 
  
 
Figure B.3: Best Maximum Likelihood tree, using RAxML analysis of combined ITS1, 5.8S and ITS2 regions 
of the rRNA, from Genbank and RHS sequences. Rooted on Clade10, and all clades collapsed except 
Clade 8. Bracketed figures are percent support, based on 100 bootstraps. 
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 Clades 1, 2, 3, 4, 5, 6, 8, 9 & 10 – salmon pink 
Ph. niederhasueri (100) – light green 
Ph. new sp. WAMiT (100) – pink 
Ph. sojae (100) – brown 
Ph. new sp. JEB2011(100) – light blue 
Ph. pistaciae (100) – dark green 
Ph. vignae (100) – purple 
Ph. cajani (100) – yellow 
Ph. melonis (20) – blue 
Ph. niederhauseri (100) – light green 
Ph. europaea (92) – orange 
Ph. uglinosa (100) – dark blue 
Ph. europaea (100) – orange 
Ph. cambivora (22) – pink 
Ph. alni subsp.uniformis(100)– dark green 
Ph. cambivora (22) – pink 
Ph. alni subsp. alni & multipformis(71) – teal 
Ph. cinnamomi (22) – red 
Ph. cinnamomi subsp. parvi (100) – light 
blue 
Ph. cinnamomi (22) – red 
  
 Figure B.4: Best Maximum Likelihood tree, using RAxML analysis of combined ITS1, 5.8S and ITS2 regions 
of the rRNA, from Genbank and RHS sequences. Rooted on Clade10, and all clades collapsed except 
Clade 7. Bracketed figures are percent support, based on 100 bootstraps. 
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Clades 1, 2, 3, 4, 5, 7, 8, 9 & 10 – salmon pink 
Ph. lauctris (100) – light green 
Ph. new species (not RHS)(100) – dark blue 
Ph. new species (not RHS)(100) – pink 
Ph. gemini (100) – light blue 
Ph. sp. personii (100) – dark green 
Ph. inundata (100) – yellow 
Ph. humicola (100) – brown 
Ph. inundata (100) – yellow 
Ph. new species (not RHS)(n/a) - purple 
Ph. megasperma (0) – light purple 
Ph. gonapodyides (0) – teal 
Ph. new species (not RHS)(78) – orange 
Ph. new species (not RHS)(100) – light green 
Ph. amnicola (n/a) – moss green 
Ph. new species (not RHS)(100) – light green 
Ph. amnicola (n/a) – moss green 
Ph. new species (not RHS)(100) – light green 
Ph. fluvialis (100) – purple 
Ph. litoralis (100) – light blue 
Ph. thermophila (99) – dark blue 
Ph. new species (not RHS)(100) – light green 
Ph. pgchlamydo/sp. (100) – red 
Ph. pinifolia (100) – pink 
Ph. taxon paludosa(n/a) – moss green 
Ph. new species (not RHS)(100) – purple 
Ph. gobbosa (100) – light green 
Ph. gregata (100) – blue 
Ph. new species(not RHS)(100) – dark blue 
Ph. pgchlamydo (100) – red 
Ph. megasperma (0) – light purple 
Ph. pgchlamydo (100) – red 
Ph. taxon oaksoil (100) – dark purple 
Ph. new species (not RHS)(n/a) – red 
Ph. sulawesiensis (n/a) – dark green 
Ph. aff. asparagi/sisuluriver(100) – yellow 
Ph. asparagi(100) – light blue 
Figure B.5: Best Maximum Likelihood tree, using RAxML analysis of combined ITS1, 5.8S and ITS2 regions 
of the rRNA, from Genbank and RHS sequences. Rooted on Clade10, and all clades collapsed except 
Clade 6. Bracketed figures are percent support, based on 100 bootstraps. 
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Appendix C: Chapter 6 
Plants associated with Pythium 
(alphabetically) 
Number of records  
Family Genera Genus records Family Records 
Acanthaceae Ruspolia 1 2 
 Sanchezia 1  
Adoxaceae Sambucus 2 27 
 Viburnum 25  
Agapanthaceae Agapanthus 1 1 
Alstroemeriaceae Alstroemeria 2 2 
Amaranthaceae Beta 1 1 
Amaryllidaceae Amaryllis 1 1 
Anacardiaceae Cotinus 2 3 
 Rhus 1  
Apiaceae Eryngium 1 1 
Apocynaceae Adenium 1 3 
 Vinca 2  
Aquifoliaceae Ilex 9 9 
Araceae Anthurium 1 1 
Araliaceae Hedera 2 3 
 Schefflera 1  
Arecaceae Copernicia 1 1 
Asparagaceae Asparagus 2 2 
Aspleniaceae Asplenium 1 1 
Asteraceae Brachyglottis 1 11 
 Callistephus 1  
 Centaurea 1  
 Cineraria 1  
 Dahlia 1  
 Eupatorium 1  
 Heliopsis 1  
 Lactuca 1  
 Rudbeckia 2  
 Tagetes 1  
Balsaminaceae Impatiens 2 2 
Begoniaceae Begonia 5 5 
Berberidaceae Berberis 4 7 
 Epimedium 1  
 Mahonia 2  
Berberidopsidaceae Berberidopsis 2 2 
Betulaceae Alnus 1 7 
 Betula 4  
 Carpinus 1  
 Corylus 1  
Bignoniaceae Catalpa 1 1 
Boraginaceae Echium 1 1 
Buxaceae Buxus 25 29 
 Sarcococca 4  
Caesalpiniaceae Cercis 4 4 
Campanulaceae Lobelia 1 1 
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Caprifoliaceae Lonicera 3 5 
 Weigela 2  
Celastraceae Euonymus 4 4 
Cercidiphyllaceae Cercidiphyllum 1 1 
Cistaceae Cistus 3 3 
Clusiaceae Hypericum 2 2 
Cornaceae Cornus 7 7 
Crassulaceae Sedum 1 1 
Cucurbitaceae Cucumis 1 1 
Cunoniaceae Eucryphia 1 1 
Cupressaceae Chamaecyparis 8 33 
 Cupressus 5  
 Juniperus 7  
 Thuja 5  
 x Cuprocyparis 8  
Elaeagnaceae Elaeagnus 2 3 
 Hippophae 1  
Ericaceae Arbutus 9 49 
 Calluna 3  
 Kalmia 2  
 Pieris 2  
 Rhododendron 30  
 Vaccinium 3  
Escalloniaceae Escallonia 3 3 
Euphorbiaceae Euphorbia 1 1 
Fagaceae Fagus 10 13 
 Quercus 3  
Garryaceae Aucuba 4 4 
Geraniaceae Geranium 1 1 
Griseliniaceae Griselinia 5 5 
Grossulariaceae Ribes 9 9 
Hamamelidaceae Corylopsis 2 5 
 Hamamelis 3  
Hydrangeaceae Hydrangea 5 5 
Iridaceae Crocosmia 1 4 
 Crocus 2  
 Iris 1  
Juglandaceae Juglans 2 2 
Lamiaceae Clerodendron 1 18 
 Lavandula 9  
 Nepeta 1  
 Prostanthera 1  
 Rosmarinus 3  
 Salvia 3  
Lauraceae Laurus 7 7 
Liliaceae Fritillaria 1 1 
Magnoliaceae Liriodendron 1 6 
 Magnolia 5  
Malvaceae Fremontodendron 1 2 
 Hibiscus 1  
Mimosaceae Acacia 2 2 
Moraceae Ficus 1 3 
 Morus 2  
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Myrsinaceae Ardisia 1 1 
Myrtaceae Callistemon 1 6 
 Eucalyptus 3  
 Myrtus 2  
Nyctaginaceae Bougainvillea 1 1 
Oleaceae Forsythia 1 9 
 Jasminum 1  
 Ligustrum 3  
 Osmanthus 3  
 Syringa 1  
Onagraceae Fuchsia 1 1 
Papaveraceae Meconopsis 1 1 
Papilionaceae Laburnum 1 34 
 Lathyrus 2  
 Lotus 1  
 Lupinus 1  
 Phaseolus 1  
 Pisum 1  
 Robinia 14  
 Styphnolobium 1  
 Ulex 1  
 Vicia 1  
 Wisteria 10  
Phrymaceae Mimulus 1 1 
Pinaceae Abies 2 8 
 Cedrus 3  
 Larix 1  
 Pinus 2  
Pittosporaceae Pittosporum 1 1 
Plantaginaceae Hebe 5 12 
 Penstemon 6  
 Veronicastrum 1  
Poaceae Drepanostachyum 1 3 
 Semiarundinaria 1  
 Poa (Turf) 1  
Podocarpaceae Nageia 1 1 
Primulaceae Primula 2 2 
Proteaceae Grevillea 2 2 
Ranunculaceae Aconitum 2 9 
 Clematis 5  
 Delphinium 1  
 Helleborus 1  
Restionaceae Restio 1 1 
Rhamnaceae Ceanothus 5 7 
 Rhamnus 2  
Rosaceae Chaenomeles 2 105 
 Cotoneaster 2  
 Crataegus 3  
 Exochorda 1  
 Fragaria 5  
 Lyonothamnus 1  
 Malus 6  
 Photinia 5  
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 Prunus 29  
 Pyracantha 1  
 Pyrus 1  
 Rosa 24  
 Rubus 15  
 Sorbus 10  
Rutaceae Choisya 5 7 
 Skimmia 2  
Salicaceae Populus 1 5 
 Salix 4  
Sapindaceae Acer 18 18 
Schisandraceae Schisandra 1 1 
Scrophulariaceae Buddleja 2 2 
Solanaceae Petunia 1 2 
 Schizanthus 1  
Taxaceae Taxus 106 106 
Theaceae Camellia 4 4 
Thymelaeaceae Daphne 2 2 
Tiliaceae Tilia 1 1 
Ulmaceae Ulmus 1 1 
Vitaceae Parthenocissus 1 4 
 Vitis 3  
Table C.1: The number of host records by family and genus, from which 
Pythium has been detected, over a 4 year sampling period from symptomatic 
plants received through the RHS Advisory service. 
 
 
 
